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Spurred	 by	 worries	 over	 climate	 change	 and	 looming	 energy	 crisis,	 there	 is	 an	
increasing	interest	in	mimicking	natural	photosynthesis	for	the	conversion	of	solar	
energy	 into	 fuel.1-4	Natural	photosynthesis	achieves	solar	 to	 fuel	conversion	with	
photosynthetic	 antennae	 and	 reaction	 centers.5-7	 Biological	 systems	 are	 robust	
against	 random	 environmental	 fluctuations	 and	 can	 adapt	 to	 long-term	
evolutionary	changes	as	well.9	Their	successful	operation	is	based	on	a	very	limited	
set	 of	 functionally	 independent	 subsystems:	 protein	 complexes,	 subunits,	 and	
motifs	 dedicated	 to	 light	 harvesting,4,10	 charge	 separation	 and	 catalysis	 for	
extracting	 protons	 and	 electrons	 from	water	 and	 for	 CO2	 reduction.12	 The	 most	
proficient	 light-harvesting	 antennae	 found	 in	 nature	 are	 chlorosomes,	which	 are	
composed	of	 a	 remarkably	 small	 set	 of	 interacting	moderately	 sized	organic	dye	
molecules,	 mainly	 chlorophylls	 (MW~800).4	 Self-assembled	 bacteriochlorophyll	
(BChl)	 c,	d	 or	 e	 organic	 dye	 pigments	 are	 preprogrammed	 for	 different	 tasks	 by	
adaptation	of	their	structure,	their	interactions	with	the	surrounding	“responsive”	
matrix	 for	 the	 proper	 matching	 of	 time	 scales	 and	 length	 scales	 in	 the	
supramolecular	biological	organization.13-17	Chlorophylls	are	sterically	crowded	in	
their	side	chains,	and	this	makes	for	a	flat	energy	landscape	and	molecules	that	can	
be	 easily	 distorted	 by	 packing	 effects	 to	 adapt	 the	 functional	 properties.	 These	
systems	are	 frustrated	by	 steric	hindrance	 in	 the	 side	 chains.	This	 leads	 to	a	 flat	
energy	 landscape	 with	 respect	 to	 distortion	 of	 the	 molecule,	 where	 static	 and	
dynamic	heterogeneity	 induced	by	 the	 surrounding	 can	have	 a	 very	pronounced	






	 	In	 the	 chlorosomes	 quantum	 delocalization	 is	 combined	 with	 symmetry	
breaking	 of	 the	 lowest	 exciton	 state	 to	 gain	 polaronic	 charge	 transfer	 character.	
Chlorophylls	 are	 spatially	 arranged	 in	 such	 a	 way	 to	 facilitate	 polaronic	 charge	
transfer	 character	 through	 the	 alignment	 of	 electric	 dipoles	 for	 a	 high	 dielectric	
susceptibility	and	charge	transfer	bias.	This	kind	of	chemical	design	is	necessary	to	
achieve	 oxidation	 of	 H2O,	 which	 is	 a	 multielectron	 process.	 Moreover,	 the	
chlorophylls	 form	 two-dimensional	 sheets	 that	 allow	 for	 strong	 exciton	 overlap,	
enabling	 triplet	 exciton	 formation	 for	 photoprotection.	 	 Organic	 dyes	 in	
chlorosomes	self-assemble	in	nanotubes	and	nanorods	with	coaxial	cylinders	and	
this	 serves	 as	 an	 inspiration	 for	 the	 design	 of	 nanodevices	 like	modular	 tandem	
cells,	 or	 “artificial	 leaves”	 that	 perform	 light	 harvesting	 (at	 a	 time	 scale	 of	 ns),	
charge	 separation	 (ms)	 and	 multi-electron	 catalysis	 (ms).18,19	 Extensive	 studies	
have	 been	 performed	 in	 recent	 years	 on	 self-assembled	 chlorophylls	 in	
chlorosomes	 antennae,	 and	 have	 found	 that	 charge	 transfer	 states	 can	 be	mixed	
effectively	into	exciton	states	when	the	building	blocks	have	their	dipole	moments	
arranged	 in	 a	 parallel	 manner.	 Under	 ideal	 conditions,	 they	 can	 perform	multi-
electron	photochemistry	close	 to	 the	 thermodynamic	 limit	 for	energy	conversion	
and	 with	 nearly	 quantitative	 chemical	 yield,	 much	 better	 than	 any	 chemically	
engineered	 artificial	 system	 to	 date.	 Ultrafast,	 long-distance	 transmission	 of	
excitation	energy	in	chlorophylls	is	achieved	through	the	helical	H-bonding	chains	
and	 tight	 packing	 of	 BChls	 arising	 from	 π–π	 stacking	 in	 coaxial	 nanotubes.	 An	
induced	 misfit	 in	 the	 structural	 framework	 is	 achieved	 through	 chemical	
heterogeneity	 in	 the	 alkyl	 chains	 for	 optimization	 of	 the	 light-harvesting	
functionality.	The	various	studies	about	the	connection	between	the	atomistic	level	
and	 supramolecular	 organization	 of	 photosynthesis	 shows	 remarkable	 similarity	
in	 molecular	 nano	 architecture	 of	 the	 reaction	 center.	 To	 build	 a	 scaffold	 that	
replicates	these	nano	architectures	with	biological	 functions	 like	 light	harvesting,	
charge	 separation	 and	 catalysis,	 the	 challenge	 is	 to	 tune	 the	 different	 modules,	
which	perform	these	functions	in	a	controlled	way.	Since	we	know	the	functional	







needs	 of	 light	 harvesting	 and	 charge	 separation.	 Functional	 requirements	 of	
artificial	 reaction	 centers	 are,	 absorption	 of	 photons	 to	 harvest	 light	 energy	
followed	by	 transfer	 of	 the	 energy	 to	 the	 reaction	 center	 and	 then	 separation	 of	
charge	to	feed	the	catalyst.		
	 Design	parameters	to	achieve	the	functional	requirements	are	matching	the	
band	 gap	 of	 HOMO-LUMO	 with	 a	 wavelength	 of	 photons,	 suitable	 distance	 and	
energy	gap	for	FRET,	finely	tuned	reduction	potential	of	the	domain	with	a	catalyst.	
Conformational	 entropy	 to	 mediate	 the	 conversions	 could	 be	 achieved	 through	
induced	misfits.	The	morphology	of	 the	responsive	matrix	encodes	the	functional	
requirement	and	design	parameters	to	achieve	the	system	needs.	As	a	first	strategy	
to	meet	 the	 system	 requirements,	 there	 has	 been	much	work	 on	 semi-synthetic	
dye	 molecules,	 where	 natural	 chlorophylls	 were	 chemically	 modified	 to	 reduce	
their	 chemical	 complexity	 and	 increase	 their	 stability.20,21	 The	 recent	 studies	 on	
chlorophylls	 and	 semi-synthetic	 dye	 molecules	 has	 provided	 us	 with	 a	 set	 of	
common	 characteristics	 for	 the	 programming	 and	 scaffolding	 of	 synthetic	 dye	
molecules	for	the	design	of	nanodevices	for	artificial	photosynthesis.	Robustness	of	
the	synthetic	antenna	molecules	can	be	used	to	match	the	design	parameters	with	
functional	 requirements.22,23	 In	 this	 thesis	 fused	 NDI-zinc	 salphen	 with	 a	 rigid	
supramolecular	 recognition	 motif	 formed	 out	 of	 salphen	 and	 a	 bichromophoric	
NMI	functionalized	perylene	derivative	with	phenoxy	spacers	with	the	overlap	of	
donors	emission	and	acceptors	absorption	for	FRET	can	be	functionalized	further	
for	 rationally	 designing	 the	 device.	 These	 molecules	 have	 remarkable	 chemical,	
thermal	and	photostability.	
	 Insight	 into	 the	packing	obtained	by	 the	 computational	 integration	of	 two	
different	 bioimaging	 techniques,	 solid-state	 NMR	 and	 cryo-EM	 shows	 that	
chlorosomes	 contain	 well-ordered	 microdomains	 of	 self-assembled	 chlorophyll	
with	 syn-anti	 stacking	 mode.	 In	 the	 pursuit	 for	 nanodevices	 for	 solar	 to	 fuel	
conversion,	a	clear	understanding	about	the	packing	serves	to	guide	the	design	of	
new	nanosized	materials	 to	meet	 the	 functional	 requirements	 for	 the	design	of	a	
device	 compatible	module	 for	 efficient	 light	 harvesting	 for	 the	 organic	 solar	 fuel	
cell.	 Recent	 advances	 in	 understanding	 about	 the	 chemical	 programming	 of	
chlorophyll	cofactors	 for	 light	harvesting,	charge	separation	and	driving	catalysis	




techniques	 provides	 a	 set	 of	 common	 denominators	 for	 the	 programming	 of	
artificial	antenna	complexes.	The	key	point	of	this	work	is	to	transfer	the	body	of	
knowledge	 acquired	 on	 chlorophyll	 tuning	 in	 photo	 biological	 systems	 to	 the	
artificial	 light	 harvesting	 component	 as	 a	 first	 step	 for	 the	 rational	 design	of	 the	
device.	 Nature	 achieves	 functional	 complexity	 using	 a	 limited	 set	 of	 molecules,	
while	 the	 synthetic	 world	 has	 a	 lot	 of	 chemical	 diversity.	 The	 challenge	 that	 is	
addressed	 in	 this	 thesis	 is	 to	 take	 a	 set	 of	molecules	 -	 perylene	 derivatives	 and	




Figure	 1.1	 The	 structure	 of	 the	 DATZnS	 (R	 =	 3ʹ-NMe	 or	 4H)	 derivative,	 a	






self-assemble	 to	 form	 supramolecular	 scaffolds	with	well-defined	packing	motifs	
that	are	planar	aromatic.	Chirality	and	asymmetry	present	 in	 the	molecules	with	
protons	 on	 the	 conjugated	 aromatic	 molecules	 makes	 it	 suitable	 for	 the	




	 Core-expanded	 naphthalene	 diimide	 (cNDI)	 fused	 with	 a	 zinc	 bis-
salicylimide	 phenylene	 (salphen)	 moiety	 is	 an	 alternative	 to	 porphyrin-based	
components	 used	 in	 supramolecular	 light-harvesting	 architectures	 (Figure	
1.1).5,24,25	 Strategically	 incorporating	 metal-based	 supramolecular	 recognition	
motifs	 inside	a	chromophoric	structure	suggest	 the	 family	of	DATZnS	derivatives	
as	 a	 new	 component	 for	 rationally	 designed	 light-harvesting	 assemblies.26	 The	
fused	cNDI-zinc–salphen	dyad	behaves	as	one	pigment	and	absorbs	light	between	
600	 and	 750	 nm	 with	 a	 modest	 Stokes	 shift.26	 Studies	 that	 were	 done	 on	 a	
homologue	 with	 orthogonal	 coordination	 of	 pyridine	 ligands	 to	 the	 rigid	
supramolecular	scaffold	of	 the	DATZnS	compound	show	that	 it	does	not	undergo	
any	change	in	its	redox	potentials	or	any	internal	excited	state	quenching	and	does	
not	 appreciably	 alter	 its	 excited	 state	 lifetime.	 Therefore	 it	 is	 expected	 that	
attachment	 of	 a	 catalyst	 as	 a	 ligand	 to	 the	 supramolecular	 scaffold	 limits	 the	
electronic	 influence	 of	 supramolecular	 interactions	 on	 the	 molecular	 orbitals	






positions	 free	 for	 further	modification	 to	 design	 it	 as	 a	 device	 (Figure	 1.2).	 The	
physical	properties	of	perylene	diimide	dyes	can	be	controlled	by	functionalization	
of	 the	 bay	 positions.	 Phenoxy	 spacers	 help	 to	 prevent	 π-π	 aggregation	 usually	
observed	 with	 perylene	 motifs	 and	 quenches	 the	 electron	 transfer	 from	 the	








arises	 due	 to	 the	 overlap	 of	 NMI’s	 emission	 with	 absorption	 of	 perylene	
derivatives.	 Phenoxy	 coupling	will	 impart	high	 chemical	 stability	 and	 rigidity	 for	
the	well-defined	scaffold	of	the	antenna	molecules.	The	combination	of	an	effective	
and	fast	energy	transfer	along	with	broad	absorption	in	the	visible	region	suggest	






NMR	 is	 a	 technology	 that	 has	 wide	 application	 in	 materials	 chemistry	 and	
biological	 chemistry	 to	 study	 the	 structure,	 dynamics	 and	 mechanisms	 of	
functions.	
The	NMR	spin	Hamiltonian	is	expressed	as	
	𝐻	=	𝐻!+	𝐻! + 𝐻!".	 	 	 	 															(1.1)	
Figure	 1.2	 Structure	 of	 the	 perylene	derivative	with	 naphthalene	monoimide	 (NMI)	 as	
bay	 substituents	 with	 phenoxy	 spacers.	 Overlap	 between	 the	 emission	 of	 NMI	 and	










		𝐻! =  −µ𝐵!,																																																																							(1.2)	
where	µ = 𝛾ℏ𝐼	 indicates	the	nuclear	magnetic	momentum	operator	and	𝐵!	 is	 the	
applied	magnetic	 field.	 Even	 though	 the	 Zeeman	 interaction	 is	 the	 predominant	
term	 in	 the	 spin	 Hamiltonian	 it	 contains	 little	 information	 about	 structure.	 The	
chemical	shielding	Hamiltonian,	which	is	anisotropic,	can	be	described	by		
𝐻!" = 𝛾𝐼𝜎𝐵! ,		 	 	 	 	 	(1.3)		
where	𝐵! 	 is	 the	 applied	magnetic	 field,	 σ	 is	 the	 second	 rank	 chemical	 shielding	
tensor,	and	𝐼	is	the	nuclear	spin	operator.27	The	𝐻!"	depends	on	the	orientation	of	
the	 molecule	 with	 respect	 to	 the	 applied	 magnetic	 field,	 which	 makes	 it	 a	 rich	
source	of	information	about	the	structure.	The	anisotropy	is	due	to	the	fact	that	in	
a	molecule	the	charge	distribution	is	rarely	spherically	symmetric.	Three	principal	
values	 of	 chemical	 shielding	 tensor	 are	 described	 as	 isotropic	 value,	 anisotropy	
and,	 asymmetry	 of	 interaction.	 The	 isotropic	 average	 of	 the	 tensor	 is	 given	 by	
	 	
	 	 	 	 𝜎𝑖𝑠𝑜 =  
1
3 𝜎𝑥𝑥
𝑃𝐴𝐹 +  𝜎𝑦𝑦𝑃𝐴𝐹 +  𝜎𝑧𝑧𝑃𝐴𝐹 ,	 	 	 		(1.4)	
where	 𝜎!"#  indicates	 the	 principal	 values	 of	 the	 shielding	 tensor	 along	 the	
respective	principal	axis.	The	reduced	anisotropy	is	given	by	





,		 	 	 	 		(1.6)	
where	 𝜎!"#	 is	 the	 isotropic	 value,	 𝛿	 is	 the	 anisotropy	 and	 𝜂	 is	 the	 asymmetry	
parameter.28	
The	dipolar	coupling	is	based	on	the	interaction	of	small	local	fields	of	the	nuclear	
magnetic	 moments	 of	 different	 nuclei,	 and	 it	 is	 of	 two	 types,	 the	 homonuclear	
dipolar	Hamiltonian	between	protons	and	the	heteronuclear	dipolar	Hamiltonian	













3𝑐𝑜𝑠!𝜃!" − 1 3𝐼!!𝑆!
! − 𝐼! . 𝐼! 	,	 	(1.7)	
while	 the	 heteronuclear	 dipolar	 Hamiltonian	 is	 given	 by		
















	 	 	𝜔! = 𝛾𝐵!.	 	 	 	 	 	 	 	(1.9)	
The	chemical	shift	anisotropy	arises	due	to	the	fact	that	 in	a	molecule,	the	
charge	 distribution	 is	 rarely	 spherically	 symmetrical.	 In	 solution	 NMR,	 a	 single	
isotropic	 chemical	 shift	 is	 observed	 due	 to	 fast	molecular	 tumbling.	 In	 solids	 no	
such	 motion	 prevails,	 resulting	 in	 spectral	 broadening.	 High	 resolution	 in	 the	
spectra	 can	 be	 achieved	 through	 combined	 rotation	 and	 multiple-pulse	
spectroscopy	 (CRAMPS).29,30	 This	 involves	 a	 combination	 of	 multiple	 pulse	
techniques	and	magic	angle	spinning	to	suppress	homonuclear	dipolar	interactions	
between	 the	 abundant	 spins	 and	 the	 chemical	 shift	 anisotropy.	 The	 dipolar	









frequency	helps	 to	 average	 the	dipolar	 interaction	 (Figure	1.3).31,32	 Provided	 the	
rate	of	spinning	is	fast	compared	to	homonuclear	dipolar	coupling	linewidth,	it	will	





be	 overcome	 through	 cross	 polarization.	 Most	 dilute	 nuclei	 are	 in	 proximity	 of	
abundant	nuclei	like	1H	with	a	high	gyromagnetic	ratio.	Polarization	can	hence	be	
transferred	 from	abundant	nuclei	 to	dilute	nuclei	 through	cross	polarization.33	A	
system	 of	 two	 nuclear	 spins,	 S	 and	 I	 are	 simultaneously	 irradiated	 with	 two	 rf	
fields	B1I	and	B1S	of	frequencies	ωI	and	ωS	close	to	the	Larmor	frequencies.	The	so-
called	Hartmann-Hahn	condition	is	satisfied	when	
	 ω!" =  ω!" ,		 	 	 	 												(1.10)	
where	ω!" =  −𝛾!"B!" 	and	ω1S	=	γSB1S.34	During	Hartmann-Hahn	matching	1H	spins	
are	locked	along	an	effective	field,	while	the	13C	spins	can	be	locked	on	resonance	
in	 the	 xy-plane	 with	 a	 spin-lock	 pulse	 on	 the	 13C	 channel	 of	 the	 spectrometer.	
Polarization	 is	 transferred	 efficiently	 from	 1H	 spins	 to	 13C	 spins	 since	 it	 sets	 the	




frame	 (B).	 Polarization	 cannot	 be	 transferred	 in	 the	 laboratory	 frame	 due	 to	 energy	







Information	 about	 the	 internuclear	 distance	 between	 two	 spins	 can	 be	 deduced	
from	 the	 strength	 of	 the	 heteronuclear	 1H-13C	 dipolar	 interactions.	 The	 cross	
polarization	 process	 is	 a	 mixture	 of	 coherent	 and	 incoherent	 transfer,	 but	 it	 is	
possible	 to	 extract	 the	 coherent	 transfer	 and	 measure	 the	 distance	 since	 the	
systems	under	study	have	sufficiently	isolated	spin	pairs.	For	systems	with	13C	at	
natural	 abundance,	 homonuclear	 1H	 decoupling	 at	 the	 LG	 condition	 restricts	 the	
transfer	of	polarization	between	1H	spin	pairs.	Since	13C	is	dilute,	there	are	no	13C-





	±∆LG = 𝜔±∆!" − 𝛾𝐵! =  ±
!
!
 2 𝜔! ,	 	 												(1.11)	
where	𝜔! = −𝛾𝐵!.	A	series	of	multiple	pulses	is	used	to	introduce	the	LG	condition	
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is	obtained	by	plotting	 intensity	against	mixing	 time	 for	each	 13C	 species	 (Figure	
1.5B).	The	distance	constraints	can	be	obtained	from	the	analysis	of	HETCOR	and	
LGCP	 buildup	 curves.	 The	 LGCP	 build	 up	 curve	 can	 be	 simulated	 for	 various	




Packings	 consist	 of	 molecules	 arranged	 in	 a	 regular	 and	 quasi-periodic	 fashion.	
Analogous	 to	 the	unit	 cell	 in	 crystals,	 packed	 supramolecular	 entities	 can	have	 a	
repeating	 unit	with	 intersecting	 edges	 labeled	 ‘a’,	 ‘b’	 and	 ‘c’	 and	 angles	 between	
these	 edges	 labeled	 as	 ‘α’,	 ‘β’	 and	 ‘γ’.37,38	 In	 addition	 to	 the	 unit	 cell	 parameters,	
space	 groups	 could	 be	 used	 to	 get	 an	 insight	 into	 the	 packing	 of	 these	
semicrystalline	 compounds	 in	 three	 dimension.	 The	 symmetry	 group	 of	 a	
configuration	 in	 space,	usually	 in	 three	dimensions	 is	known	as	 space	group.39,40	
While	there	are	many	reflections	in	a	crystalline	structure	due	to	long	range	order,	
packings	have	limited	reflections	due	to	limited	correlation	lengths,	typically	in	the	
order	 of	 50-100	 unit	 cells,	 depending	 on	 the	 domain	 size.41	 Different	 diffraction	
patterns	 arise	 from	 the	 symmetry	 present	 in	 the	 molecule.	 Even	 with	 limited	
diffraction	 data	 we	 can	 still	 use	 Friedel’s	 Law,	 which	 states	 that	 the	 intensities	
associated	with	two	points	opposite	in	reciprocal	space,	are	almost	equal:	I	(h,	k,	l)	
Figure	1.6	A	‘c’-	glide	plane	involves	reflection	on	the	plane	containing	the	‘c’	axis	followed	







Packing	 from	 the	 diffraction	 is	 determined	 mainly	 by	 two	 steps,	 it	 first	
involves	 finding	 the	 unit	 cell	 parameters.44-47	 The	 second	 step	 is	 to	 identify	 an	
approximate	space	group,	which	involves	identifying	possible	screw	axes	and	glide	
planes	 from	 reflection	 conditions	 in	 the	 diffraction	 pattern	 (Figure	 1.6).48	While	
screw	 axes	 imply	 rotation	 and	 an	 additional	 translation,	 the	 glide	 planes	 imply	
reflection	 and	 an	 additional	 translation.	 A	 screw	 axis	 has	 a	 one-dimensional	
reflection	 condition,	 while	 glide	 planes	 have	 two-dimensional	 reflection	
conditions.	 A	 twofold	 axis	 along	 the	 ‘a’	 axis	 leads	 to	 the	 reflection	 condition	
h00:h=2n.	 A	 glide	 plane	 perpendicular	 to	 the	 ‘a’	 axis	 results	 in	 the	 reflection	
condition	h=2n	onto	the	zonal	plane	0kl.		
	 Most	 of	 the	 packing	 in	 organic	molecules	 falls	 into	 three	 different	 crystal	
classes,	 they	 are	 triclinic,	 monoclinic	 and	 orthorhombic	 with	P21/c,	P1,	 P212121,	
C2/c	and	P21	as	the	preferred	space	groups.49	Space	groups	P1,	P1,	P1m,	P12/m1	
and	P121/m1	do	not	have	any	reflection	condition.	Polar	space	groups	are	P1,	P2,	
P21	 and	 C2.	 The	 CP/MAS	 NMR	 spectrum	 helps	 to	 identify	 the	 presence	 of	
symmetry	in	the	molecule,	which	gives	information	about	identical	sites	present	in	





the	 unit	 cell	 and	 M	 is	 the	 molecular	 weight.20,21,50,52	 This	 work	 is	 based	 on	 the	
assumption	 that	 the	 number	 of	 molecules	 in	 the	 unit	 cell	 should	 be		
in	 correspondence	 with	 the	 number	 of	 identical	 sites	 from	 the	 mathematical	
operators	 in	 the	 space	group,	 taking	 into	account	 the	 symmetry	of	 the	molecule.	
This	will	allow	predominant	 interplay	between	bottom	up	and	top	down	packing	
constraints.	Geometrical	optimization	helps	to	converge	on	a	reasonable	packing.	
Furthermore	 the	 packing	 could	 be	 validated	 with	 simulation	 of	 chemical	 shifts,	
LGCP	 build	 up	 curves	 and	 diffraction	 patterns.35,37,53,54	 In	 the	 later	 stage,	 the	
methodology	 involving	 the	 computational	 integration	 of	 electron	 diffraction,	





The	 scope	of	 this	 thesis	 is	 to	perform	and	develop	 a	methodology	 for	 the	




diffraction	 is	 illustrated.	 This	 involves	 the	 smart	 use	 of	 a	 glide	 plane	 to	





chemical	 shift	 calculations	 provide	 information	 about	 the	 C2	 symmetry	 and	
selective	 distance	 constraints.	 Systematic	 absences	 from	 the	 diffraction	 pattern	
give	details	about	the	screw	axis	and	glide	plane.	The	electron	diffraction	pattern	






is	 to	 reduce	 the	 uncertainty	 of	 the	 model	 by	 reasoning	 from	 first	 principles	 using	 the	
available	data	from	CP/MAS	NMR,	ENC,	and	TEM.	The	logic	behind	the	reconstruction	of	a	





The	 nonzero	 scattering	 in	 reciprocal	 space	 obtained	 by	 ENC	 is	 converted	 into	
electron	density	using	Phaser	molecular	replacement	with	the	help	of	a	rigid	trial	
model.	 Intermolecular	correlations	help	to	converge	on	a	centrosymmetric	dimer	
and	 then	 bay	 substituents	were	 grafted	 to	 this	 basic	 building	motif	 followed	 by	
modeling	of	the	structure.55	Finally	the	packing	is	validated	with	MAS	NMR.	
A	 homology	 modeling	 approach	 was	 used	 in	 Chapter	 4.	 Here	 the	
DATZnS(3’-NMe)	 in	 chapter	2	 is	used	as	a	 starting	model.	MAS	NMR	and	 limited	
data	 from	 TEM	 were	 feed	 into	 the	 modeling	 to	 converge	 upon	 an	 antiparallel	
packing.	This	provides	 insight	on	how	to	steer	 the	packing	 from	antiparallel	 into	
parallel	by	using	 functional	groups	and	steric	constraints.	This	paves	the	way	for	

































	 (5)	 Fernando,	 R.;	 Etheridge,	 F.;	 Muller,	 E.;	 Sauve,	 G.	 New	 Journal	 of	
Chemistry	2015,	39,	2506.	




	 (8)	 van	Rossum,	B.	 J.;	Förster,	H.;	de	Groot,	H.	 J.	M.	 Journal	of	Magnetic	
Resonance	1997,	124,	516.	









drzej;	 Kalt,	 H.;	 Moss,	 D.;	 Balaban,	 T.	 S.	 Proceedings	 of	 the	 National	 Academy	 of	
Sciences	of	the	United	States	of	America	2008,	105,	12736.	
	 (15)	 Matenova,	M.;	Lorelei	Horhoiu,	V.;	Dang,	F.-X.;	Pospisil,	P.;	Alster,	 J.;	
Burda,	J.	V.;	Silviu	Balaban,	T.;	Psencik,	J.	Physical	Chemistry	Chemical	Physics	2014,	
16,	16755.	
	 (16)	 Saga,	 Y.;	 Akai,	 S.;	 Miyatake,	 T.;	 Tamiaki,	 H.	 Bioconjugate	 Chemistry	
2006,	17,	988.	
	 (17)	 Möltgen,	H.;	Kleinermanns,	K.;	 Jesorka,	A.;	 Schaffner,	K.;	Holzwarth,	
A.	R.	Photochemistry	and	Photobiology	2002,	75,	619.	
	 (18)	 Kalyanasundaram,	K.;	Graetzel,	M.	Current	Opinion	 in	Biotechnology	
2010,	21,	298.	
	 (19)	 Young,	 K.	 J.;	 Martini,	 L.	 A.;	 Milot,	 R.	 L.;	 Iii,	 R.	 C.	 S.;	 Batista,	 V.	 S.;	













	 (23)	 Dubey,	 R.	 K.;	 Knorr,	 G.;	 Westerveld,	 N.;	 Jager,	 W.	 F.	 Organic	 &	
Biomolecular	Chemistry	2016,	14,	1564.	
	 (24)	 Rombouts,	J.	A.;	Ravensbergen,	J.;	Frese,	R.	N.;	Kennis,	J.	T.	M.;	Ehlers,	







	 (27)	 Saitô,	 H.;	 Ando,	 I.;	 Ramamoorthy,	 A.	 Progress	 in	 nuclear	 magnetic	
resonance	spectroscopy	2010,	57,	181.	
	 (28)	 Blümich,	B.	Advanced	Materials	1996,	8,	186.	
	 (29)	 Schaefer,	 J.;	 Stejskal,	 E.	 O.	 Journal	 of	 the	 American	 Chemical	 Society	
1976,	98,	1031.	






	 (35)	 Ladizhansky,	 V.;	 Vega,	 S.	 Journal	 of	 the	 American	 Chemical	 Society	
2000,	122,	3465.	
	 (36)	 Fukuchi,	 M.;	 Ramamoorthy,	 A.;	 Takegoshi,	 K.	 Journal	 of	 magnetic	
resonance	(San	Diego,	Calif.	:	1997)	2009,	196,	105.	










	 (41)	 Ganapathy,	 S.;	 Oostergetel,	 G.	 T.;	 Reus,	 M.;	 Tsukatani,	 Y.;	 Gomez	










	 (48)	 Kalman,	 A.;	 Argay,	 G.;	 Fabian,	 L.;	 Bernath,	 G.;	 Fulop,	 F.	 Acta	
Crystallographica	Section	B	2001,	57,	539.	
	 (49)	 Pidcock,	E.	Chemical	Communications	2005,	3457.	























The	 supramolecular	 packing	 of	 the	 fused	 napthalenediimide-zinc-salphen	 based	
light	harvesting	chromophore	DATZnS(3ʹ-NMe)	with	a	molecular	recognition	site	
incorporated	 into	a	chromophoric	structure	and	deposited	on	a	surface	grid	was	
determined	 by	 computational	 integration	 of	 cryo-EM	 imaging	 and	 magic	 angle	
spinning	 (MAS)	NMR	with	 1H-13C	heteronuclear	dipolar	 correlation	 spectroscopy	
and	13C	at	natural	abundance.	Absence	of	doubling	in	13C	spectra	and	calculation	of	
molecular	 energy	 point	 to	 an	 intramolecular	 C2	 symmetry	 for	 the	 chiral	
DATZnS(3ʹ-NMe)	motif.	Diffraction	patterns	obtained	by	Fourier	transformation	of	
TEM	 images	 with	 0.6	 nm	 resolution	 indicate	 a	 monoclinic	 packing	 with	 the	
DATZnS(3ʹ-NMe)	along	the	unique	axis	of	1.685	nm	and	two	shorter	axes	of	0.547	
nm	and	2.517	nm	under	an	angle	of	102º.	This	leads	to	a	density	of	1.67	g/cm3	with	
two	 molecules	 in	 the	 unit	 cell.	 Systematic	 absences	 reveal	 a	 translational	
component,	either	a	screw	axis	or	a	glide	plane	to	accommodate	steric	hindrance	
that	 predominantly	 determines	 the	 packing.	 The	 internal	 C2	 symmetry	 and	 the	
absence	 of	 doubling	 in	 the	 MAS	 NMR	 point	 to	 a	 twofold	 axis	 in	 either	 a	 chiral	
packing	 with	 two	 independent	 positions	 or	 an	 achiral	 racemic	 paracrystalline	
packing	with	 four	 independent	 positions	 to	 accommodate	 the	 two	 enantiomeric	
forms	 of	 the	 salphen	 motif	 with	 Λ	 and	 the	 Δ	 enantiomers	 present	 in	 equal	
amounts.	 The	 only	 space	 group	 that	 fulfills	 the	 requirements	 is	 P2/c	 with	 four	
independent	 positions	 that	 are	 both	 necessary	 and	 sufficient	 to	 account	 for	 the	
internal	 symmetry	 of	 the	 DATZnS(3ʹ-NMe)	 as	 well	 as	 the	 presence	 of	 the	 two	
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enantiomeric	forms.	Other	space	groups	either	have	more	independent	positions,	
e.g.	eight	 for	a	racemic	packing	or	 four	 for	a	chiral	packing	or	 they	require	more	
than	 two	 molecules	 in	 the	 unit	 cell,	 or	 they	 do	 not	 reproduce	 the	 systematic	
absences	 in	 the	diffraction	pattern.	 In	 the	structure,	 the	molecules	are	 in	parallel	
stack	arrangement	with	the	phenazine	dipoles	head	to	tail.	The	two	enantiomeric	
forms	 lead	 to	 sheets	 running	 antiparallel	 to	 form	 a	 3D	 structure.	 The	molecular	
recognition	 interaction	between	 the	 salphen	and	 the	bromine	 leads	 to	a	pseudo-
octahedral	arrangement	of	zinc,	which	explains	the	richness	in	the	structure	with	
its	 two	enantiomeric	 forms.	The	packing	 is	 confirmed	by	 selective	NMR	distance	
constraints,	between	protons	from	the	dimethyl	functionalities	in	the	salphen	and	
NDI	 ring	 carbons	 adjacent	 to	 the	 Br,	 and	 between	 the	 alkyl	 chains	 and	 the	
phenazine	core.	Simulations	of	TEM	diffraction	reproduce	the	reflection	conditions	
and	allow	determining	the	orientation	of	 the	 lamellar	morphology	relative	 to	 the	
surface,	 which	 is	 important	 in	 view	 of	 the	 future	 application	 in	 artificial	








by	 artificial	 photosynthesis,	 which	 is	 the	 fine	 art	 of	 mimicking	 the	 processes	 of	
natural	photosynthesis	 found	 in	plants	and	some	bacteria.10-13	Biological	systems	
are	 complicated	 with	 little	 true	 complexity.	 The	 biological	 design	 builds	 on	
“responsive	matrices”,	 protein	 complexes	 for	 light	 harvesting,	 charge	 separation	
and	catalysis,	which	proceed	with	near-unity	yield.14	Any	responsive	matrix	has	an	
energy	 landscape	 that	 is	 determined	 by	 the	 structure,	which	 on	 the	 one	 hand	 is	
stabilized	with	respect	to	the	denatured	or	unfolded	state,	while	on	the	other	hand	
it	 is	 broadened	 by	 induced	misfits	 and	 conformational	 entropy	 that	 allows	 for	 a	
quantum	 coherent	 functional	 response.15,16	 In	 contrast,	 supramolecular	 design	




motifs,	 ultimately	 leading	 to	 functional	 assemblies.	 Here	 I	 explore	 how	 a	 zinc-
salphen	recognition	motif	steers	the	packing	when	fused	to	a	naphthalene	diimide	
chromophore	 to	 form	 a	 phenazine	 and	 deposited	 on	 a	 surface,	 a	 topology	 of	
interest	to	artificial	photosynthesis	applications.	DATZnS(3ʹ-NMe)	is	a	 fused	NDI-
zinc-salphen	based	chromophore	that	was	designed	with	the	optical	and	electronic	
properties	 of	 chlorophylls	 in	 mind	 and	 is	 much	 more	 robust	 than	 biological	
components.17-25	 Like	 chlorophylls,	 DATZnS	 absorbs	 sunlight	 by	 an	 extended	
conjugated	 π-system,	 has	 an	 electric	 dipole	 moment	 that	 can	 be	 utilized	 for	
structural	 and	 functional	 control,	 and	 has	 a	 divalent	 metal	 ion	 that	 does	 not	
interfere	 with	 the	 photochemistry.17	 It	 can	 bind	 with	 Lewis	 bases	 in	 the	
surrounding	 for	molecular	 recognition	and	 scaffolding	of	 the	packing	 in	artificial	
photosynthetic	 systems.26-28	 Natural	 dyes	 can	 form	 functional	 antennae	 by	 self-
scaffolding,	 without	 a	 protein	 component.	 In	 chlorosome	 antennae,	 hundreds	 of	
thousands	of	excitonically	coupled	bacteriochlorophyll	natural	dye	molecules	form	
the	 largest	 light	 antennae	 known	 in	 nature,	 capable	 of	 rapid	 transfer	 of	 energy	
over	more	than	100	nm.29,30	Chlorosome	structures	do	not	depend	on	proteins	for	
their	 structural	 and	 functional	 integrity	 and	 provide	 their	 own	 scaffolding.31-33	
They	 may	 serve	 as	 a	 supramolecular	 biological	 paradigm	 for	 how	 to	 perform	
structural	design	of	a	novel	class	of	extended	systems	for	artificial	photosynthesis	
by	 molecular	 recognition	 and	 packing.34	 The	 key	 to	 their	 success	 is	 a	
pseudosymmetric	 framework	where	 all	 monomeric	 building	 blocks	 perform	 the	
same	 functional	 role	 in	well-ordered	domains.	Alternating	chirality	of	monomers	
induced	 by	 the	 packing	 in	 stacks	 and	 sheets	 leads	 to	 induced	 misfits	 and	
conformational	entropy.15		
	 The	 aim	of	 this	 study	 is	 to	develop	 a	 toolbox	 for	 structural	 control	 in	 the	
chemical	 design	 of	 artificial	 light	 harvesting	 systems	 by	 packing	 induced	 	 self-
assembly	 of	 moderately	 sized	 building	 blocks	 with	 isomerism.	 Here	 it	 is	 shown	
that	 it	 is	 possible	 to	 select	 conformers	 and	 isomers	 by	 packing	 and	 derive	
systematics	for	working	with	racemic	paracrystalline	materials.	While	frustration	
and	combination	of	different	functional	motifs	are	necessary	for	a	responsive	and	
reactive	 chemical	 design,	 it	 will	 give	 rise	 to	 modulated	 assembly	 and	 lead	 to	
paracrystalline	supramolecular	arrangements.	A	principal	challenge	is	then	how	to	
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resolve	 the	 well-determined,	 limited	 true	 complexity	 from	 the	 heterogeneous	
background.	The	major	challenge	is	to	extract	the	functionally	relevant	order	that	is	
targeted	by	the	chemical	design,	in	a	supramolecular	packing	that	is	inaccessible	to	
high	 resolution	X-ray	 and	other	diffraction	methods	 for	 structure	determination.	
Recently	 Ganapathy	 et	 al.	 have	 addressed	 this	 challenge	 by	 computational	
integration	of	MAS	NMR	and	 transmission	electron	microscopy	 (TEM)	 to	 resolve	
supramolecular	 packing	 order	 for	 a	 natural	 light	 collector.35	 In	 this	 approach,	 a	
library	 of	 structures	 is	 created	 based	 on	 reflection	 conditions	 in	 TEM	 imaging,	
Figure	 2.1	 Chemical	 structure	 of	 the	 fused	 NDI-zinc-salphen	 based	 chromophore	




where	 the	 obtainable	 structure	 information	 in	 reciprocal	 space	was	 a	 layer	 line	
along	the	meridian	orthogonal	to	a	strong	symmetric	reflection	on	the	equator	in	
the	2D	diffraction	pattern.35	A	model	for	the	packing	was	refined	with	the	help	of	
chemical	 shifts	 and	 a	 few	 intermolecular	 correlation	 peaks	 obtained	 from	
homonuclear	 correlation	 spectroscopy	 done	 by	 proton	 spin	 diffusion	 and	 1H-13C	
heteronuclear	 correlation	 data	 collected	 at	 a	 mixing	 time	 of	 4	 ms.35	 	 While	 the	
previous	 work	 concentrated	 on	 layer	 lines	 to	 guide	 the	 modeling	 of	 a	 helical	
structure	on	 a	 cylinder,	 here	 I	 took	 	 the	next	 step	 to	 resolve	 the	packing	 for	 the	
DATZnS(3ʹ-NMe)	 dye	 (Figure2.1),	 when	 forming	 a	 lamellar	 morphology	 on	 a	
surface,	a	technologically	demanding	configuration	of	strong	relevance	to	possible	
future	application	 in	 electrodes	 for	 artificial	photosynthesis.	 I	 use	 the	 symmetry,	
repeats	and	reflection	conditions	obtained	from	Fourier	transforms	of	TEM	images	
of	samples	deposited	on	carbon	grids	to	estimate	the	unit	cell	parameters	and	to	
identify	 symmetry	operators	with	 a	 translational	 component,	 i.e.	 a	 screw	axis	 or	
glide	plane.	A	3D	model	 for	 the	packing	was	prepared	with	Materials	 studio	and	
validated	by	simulation	of	the	Fourier	transform	of	the	electron	diffraction	pattern.	











DATZnS(3ʹ-NMe)	 is	 a	 moderately	 sized	 molecule	 with	 extensive	 functionalities,	
arising	 from	 fusing	 functionalized	 NDI	 with	 functionalized	 salphen	 and	
establishing	 a	 phenazine	 bridge.	 Such	 chemical	 richness	 may	 be	 considered	




NMR	response,	 this	will	 further	 contribute	 to	a	good	resolution	compared	 to	 the	










stabilization	 of	 positive	 charge.	 Also,	 the	 nitrogens	 in	 the	 phenazine	 motif	
contribute	 to	 the	 dispersion,	 in	 a	 more	 moderate	 way.	 The	 3ʹ-NMe	 that	
hyperconjugate	 to	 the	 salphen	 ring	 can	 stabilize	 negative	 charge	 on	 selected	 13C	
positions	 with	 signals	 shifting	 upfield	 to	 ~100	 ppm,	 in	 competition	 with	 the	
stabilization	 of	 some	 positive	 charge	 from	 the	 oxygens	 bridging	 to	 the	 Zn2+	 ion.	
Finally,	 the	 aliphatic	 region	 of	 the	 spectrum	 remains	 crowded,	 with	 the	 signals	
from	the	alkyl	chains	at	the	N2	and	N7.	
The	DATZnS(3ʹ-NMe)	and	its	DAT-diamine	precursor	(Figure	S2.1)	are	both	
insoluble,	 and	 a	 conclusive	 assignment	 of	 chemical	 shifts	 in	 the	 solid	 state	 is	
difficult	 with	 13C	 at	 natural	 abundance.	 Therefore	 we	 perform	 a	 homology	
assignment	based	on	1H-13C	HSQC,	1H-1H	COSY	and	HMBC	data	collected	from	the	
related	 compound	 DATZnSTP	 dissolved	 in	 C6D6	 (Table	 2.2).	 The	 assignment	 is	
validated	with	 1H-13C	HETCOR	 and	NMR	 chemical	 shift	 calculations.	 A	 set	 of	 2D	
HETCOR	spectra	with	a	short	mixing	time	of	0.256	ms	and	a	long	mixing	time	of	4	
ms	was	collected	(Figure	2.2).	The	short	contact	 time	unambiguously	reveals	 the	
carbon	 nuclei	 with	 directly	 bonded	 protons	 (Figure	 2.2).	 Due	 to	 the	 good	
dispersion,	 a	 conclusive	 assignment	 of	 the	 five	 aromatic	 C-H	 signals	 is	
straightforward	 (Table	 2.1).	 The	 21,	 71	 N-CH2	well	 as	 the	 3ʹ,	 3ʹʹ	 N-CH3	 provide	 a	
characteristic	 response	 around	 40	 ppm	 and	 the	 terminal	 CH3	 of	 the	 alkyl	 chain	
resonate	most	up	field	at	~13	ppm.	None	of	 these	signals	shows	doubling,	which	
provides	converging	and	convincing	evidence	that	the	two	halves	of	the	molecule	
are	 related	 by	 symmetry.	 This	 provides	 convincing	 evidence	 for	 a	 symmetric	
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DATZnS(3ʹ-NMe)	 building	 block,	 with	 a	 twofold	 axis	 or	 a	 mirror	 plane	 running	
along	the	center	of	 the	phenazine	motif.	A	pseudo	octahedral	coordination	of	 the	
zinc	 salphen	motif	 significantly	 contributes	 to	 the	 complexity	 of	 the	 system	 and	
can	provide	a	handle	for	steering	of	the	structure	by	packing	effects.	The	wings	of	
the	 salphen	 can	 be	 either	 in	 the	 syn	 or	 anti-configuration,	 and	 for	 the	 anti-
configuration,	 two	 enantiomeric	 chiral	 isomers	 exist	 for	 the	 zinc	 octahedral	
surrounding,	the	Λ	and	Δ	pair.	Optimization	on	the	enantiomeric	pairs	shows	that	
an	energy	minimum	of	10	kcal/mol	 limits	 the	 structure	 to	 an	anti-configuration.	
The	narrow	 lines	with	 a	 linewidth	of	~1	ppm	 for	 selected	 signals	 show	 that	 the	








































































would	 give	 rise	 to	 pronounced	 susceptibility	 broadening	 of	 signals.37,38	 The	
remaining	 aliphatic	 response	 is	 associated	with	 the	CH2	of	 the	 aliphatic	 tail.	 The	
quaternary	 carbon	 response	 is	 detected	 in	 the	 1H-13C	 HETCOR	 dataset	 collected	
with	long	CP	contact	time	of	4	ms.	The	4,	5	13C	adjacent	to	the	Br	are	assigned	to	
the	response	at	154.6	ppm,	in	line	with	NMR	shift	calculations	for	a	C2	symmetric	
monomer	 (Table	2.1).	 The	 13C	next	 to	 the	 keto	oxygens	 are	 shifted	 to	159.8	 and	
166.6	 ppm	and	 are	 in	 line	with	 the	 solution	NMR	 response	 of	 the	 homologue	 at	
160and	164.6	ppm,	for	the	1,	8	13C	and	the	3,	6	13C,	respectively.	Similarly	the	1’,	1”	
13C	near	to	the	bridging	oxygens	in	the	salphen	have	a	characteristic	chemical	shift	
of	 171.7	ppm,	which	 is	 in	 line	with	 the	 shift	 of	 173.4	ppm	 for	 the	homologue	 in	
solution.	 Remaining	 assignments	 were	 obtained	 either	 by	 analogy	 with	 the	
solution	chemical	shifts	of	the	related	molecule	DATZnSTP	(Figure	S2.4),	or	were	
performed	by	computation	of	chemical	shifts	(Table	2.2).	The	NMR	data	are	in	line	
with	 a	molecular	 configuration	 that	 has	 a	C2	 axis	 passing	 through	 the	 centers	 of	
NDI	and	salphen	as	shown	in	Figure	2.1.		





range	 transfer	 since	 they	 are	 not	 observed	 in	 the	 dataset	 collected	with	 a	 short	
mixing	time.	The	nearest	intramolecular	1H	are	the	21,	71	CH2	at	a	distance	of	4.8	Å	
that	 resonates	 with	 a	 different	 1H	 chemical	 shift	 of	 0.4	 ppm.	 The	 long	 range	













up	 curves	 (Figure	 2.3)	 were	 collected	 with	 the	 sequence	 of	 van	 Rossum	 et	 al.	
(Figure	S2.8B).40	Homonuclear	decoupling	was	achieved	by	applying	pulses	at	the	
±	LG	condition	during	the	CP	contact	time.	The	LGCP	build	up	curves	for	the	4,	5	
and	13a,	9a	 13C	can	be	 resolved	 in	 the	dataset	of	Figure	S2.3-2.4	and	are	plotted	
against	 mixing	 time	 from	 0	 to	 2	 ms	 in	 Figure	 2.3	 with	 a	 red	 and	 green	 trace,	
respectively.	 Heteronuclear	 distances	 between	 selective	 nuclei	 can	 be	 estimated	
from	such	LGCP	build	up	curves	by	simulation	 for	various	1H-13C	distances	using	
the	 SIMPSON	 virtual	 spectrometer	 software.41	 Both	 traces	 are	 in	 line	 with	 a	
simulation	for	a	single	1H-13C	pair	of	spins	separated	by	~3	Å,	corresponding	to	a	
dipolar	 coupling	 frequency	 of	 -1.1	 kHz.	 The	 relatively	 short	 intermolecular	
distance	may	indicate	the	parallel	transfer	of	polarization	from	a	proton	cloud	to	a	
nearby	 13C	 nucleus.	 The	 observation	 that	 two	 different	 build	 up	 signals	 from	
nearby	 abundant	 1H	 nuclear	 species	 into	 a	 13C	 at	 natural	 abundance	 can	 be	
Figure	 2.2	 Contour	 plot	 sections	 of	 	 1H-13C	 heteronuclear	 MAS	 NMR	 dipolar	 correlation	
spectra	of	 	DATZnS(3ʹ-NMe)	 recorded	 in	 a	magnetic	 field	 of	 17.6	T	 employing	 a	 spinning	
rate	of	11	kHz	and	data	were	collected	at	a	sample	temperature	of	298	K.	CP	contact	times	
of	 4	 ms	 (red)	 and	 1	 ms	 (black)	 were	 used	 to	 distinguish	 inter	 and	 intramolecular	
correlation	 peaks.	 The	 left	 panel	 shows	 the	 aromatic	 and	 carbonyl	 region,	 while	 the	
aliphatic	response	is	shown	in	the	right	panel.	Correlation	peaks	are	indicated	by	numbers	
corresponding	 to	 the	 assignment	 listed	 in	 Table	 2.1.	 The	 position	 of	 the	 alkyl	 chain	 is	
confirmed	from	long	range		correlation	peaks	observed	between	11,	12,	3b,	5b,	13a,	9a,	14b,	
8a,	10,	13	carbon	atoms	and	protons	on	the	aliphatic	tail.	The		intermolecular	correlations	




superimposed	 onto	 one	 another	 and	 yield	 similar	 coherent	 buildup	 transfer	 is	
intriguing.	 It	 may	 indicate	 a	 general	 property	 of	 intermolecular	 heteronuclear	
buildup	 in	 rigid	 systems,	 which	 can	 serve	 as	 a	 practical	 rule	 for	 structure	
determination	 of	 moderately	 sized	 molecular	 systems	 with	 13C	 at	 natural	
abundance.	The	3b,	5b	13C	in	the	central	part	of	the	NDI	motif	correlate	with	the	21	
and	71	CH2	protons.	The	intramolecular	distance	is	4.4	Å,	which	is	rather	long.	The	
correlation,	 therefore,	 can	 be	 intermolecular,	 indicative	 of	 the	 formation	 of	 J-
aggregates	 with	 a	 slipped	 arrangement	 of	 the	 NDI	 moieties	 since	 this	 would	
position	the	alkyl	tail	above	the	plane	of	a	neighbouring	molecule	and	would	imply	
that	the	correlations	and	buildup	from	protons	at	the	alkyl	chain	to	13a,	9a	13C	are	
intermolecular.	 Similarly,	 the	 buildup	 of	 CP	 intensity	 from	 the	 alkyl	 CH2	 to	 the	
quaternary	13C	on	the	phenazine	core	can	be	considered	intermolecular	 from	the	
abundant	 1H	 nuclei	 on	 the	 alkyl	 chain.	 There	 are	 no	 intramolecular	 correlation	
signals	for	the	10,	13	or	other	aromatic	protons	with	their	quaternary	neighbours.	
In	 addition,	 the	 9	 N-H	 was	 found	 to	 resonate	 downfield	 ~	 10	 ppm	 in	 the	








A	 high-resolution	 TEM	 image	 of	 the	 DATZnS(3ʹ-NMe)	 deposited	 on	 a	 carbon	
electrode	 reveals	 a	 layered	 periodic	 arrangement	 (Figure	 2.4A).	 Fourier	
transformation	of	the	selected	region	indicated	by	a	dashed	square	shows	periodic	
spacings	 of	 1.685	 nm	 and	 0.547	 nm	 in	 mutually	 orthogonal	 directions	 (Figure	
2.4B).	 This	 represents	 the	 preferred	 orientation,	 as	 it	was	 difficult	 to	 find	 other	
alignments	with	clear	reflections.	The	TEM	data	thus	provide	enough	evidence	to	
converge	on	a	monoclinic	packing	with	the	molecule	along	the	unique	axis	of	1.685	









2n.	 This	 systematic	 absence	 implies	 a	 translational	 component,	 a	 screw	 axis	 or	
glide	plane,	in	the	symmetry	operations	for	the	packing	space	group.	The	1.24	nm	
reflection	 observed	 (Figure	 S2.5)	 at	 high	 magnification	 should	 be	 either	 a	 first	
order	reflection	with	one	molecule	per	unit	cell	or	a	second	order	reflection	with	
two	enantiomers	per	unit	cell	to	arrive	at	a	density	around	1.67	g/cm3	and	account	








For	 moderately	 sized	 molecules	 with	 functionalities	 protruding,	 packing	 will	
inevitably	 lead	 to	 steric	 conflicts	 unless	 screw	 axes	 or	 glide	 planes,	 symmetry	
operations	 containing	 a	 translational	 component,	 are	 invoked	 that	 allow	 for	 an	
	 42	
interpenetration	of	parts	of	the	structure	containing	symmetry-related	molecules.	
This	 is	 the	 reason	why	 by	 far	most	 of	 the	 nonchiral	 organic	 packings	 are	 in	 the	
P21/c	space	group,	which	as	both	a	21	screw	axis	and	a	c-glide	plane.	This	implies	
two	 independent,	 symmetry	 related	 positons	 in	 a	 chiral	 packing	with	 a	 twofold	
axis,	or	two	enantiomers	can	be	present	in	an	equal	amount	to	establish	a	racemic	
packing	with	four	inequivalent	sites,	two	from	the	twofold	axis	in	the	DATZnS(3’-
NMe)	 and	 two	 from	 the	 enantiomeric	 pair	 (Figure	 2.1).	 The	 monoclinic	 space	
groups	with	a	twofold	axis	are	P2,	C2,	P2/m,	C2/m,	P2/c,	and	C2/c.	Of	these,	P2	and	
P2/m	 do	 not	 have	 reflection	 conditions	 and	 can	 be	 discarded.	 The	 chiral	 space	
group	C2	 has	 four	 independent	 positons	while	 only	 two	 are	 needed	 for	 a	 chiral	
packing.	 Likewise,	 the	 achiral	 space	 groups	 C2/m,	 and	 C2/c	 have	 eight	
independent	 positions,	 while	 only	 four	 are	 needed	 for	 a	 racemic	 packing.	 This	
effectively	limits	the	space	group	to	P2/c,	with	unidirectional	donor-on-donor	and	
acceptor-on-acceptor	 columnar	 arrays	 in	 an	 extended	 and	 layered	 antiparallel	
monoclinic	unit	cell	with	a	twofold	axis	and	a	glide	plane	(Figure	2.5).42	The	P2/c	
space	 group	 has	 reflection	 conditions	 in	 line	 with	 the	 experimental	 diffraction	
pattern.	 The	 molecular	 arrangement	 was	 modeled	 in	 a	 P2/c	 unit	 cell	 with	
dimensions		a	=	0.547	nm,	b	=	1.685	nm,	c	=	2.517		nm	and 𝛽 = 102°,	taken	from	
the	TEM	 images	 (Figure	2.4).	First,	 a	monomer	was	optimized	with	 the	Dreiding	
force	 field	 in	FORCITE	and	refined	at	 the	DFT	 level	with	DMol3	 to	determine	 the	
atomic	 charges.	 The	 total	 charge	 was	 set	 to	 zero,	 and	 the	 molecule	 was	 then	
positioned	with	 the	C2	molecular	axis	aligned	onto	 the	 twofold	 symmetry	axis	 in	
the	 unit	 cell,	 second	 setting	 with	 B-Unique,	 Cell1	 in	 Materials	 Studio.	 The	 four	
symmetry	operations	then	generate	two	pairs	of	enantiomers,	and	only	one	set	of	
enantiomers	was	kept.	With	a	density	of	1.67	g/cm3,	the	position	along	the	twofold	
axis	was	 varied	 to	minimize	 steric	 hindrance.	 The	 structure	was	 optimized	with	
FORCITE,	 leading	 to	 an	 energy	 of	 	 170.5	 kcal/mol.	 To	 validate	 the	 structure,	we	
performed	an	optimization	without	constraining	the	cell,	which	led	to	virtually	the	
same	 result,	 and	 we	 performed	 a	 polymorph	 analysis	 with	 Materials	 Studio	 to	
verify	 the	 possibility	 of	 other	 packings	 with	 higher	 density	 and	 lower	 energy	








low	energy	and	 is	virtually	 insoluble.	The	aliphatic	 tails	are	oriented	 in	 the	same	
direction	as	the	salphen	wings	and	are	in	voids	between	the	phenazine	moieties.	A	
tight	 packing	 with	 the	 alkyl	 chains	 folded	 along	 the	 phenazine	 bridge	 of	 a	
neighbouring	 molecule	 explains	 the	 observation	 of	 strong	 heteronuclear	
correlation	 signals	 between	 the	 abundant	 aliphatic	 1H	 and	 rare	 phenazine	 13C	
spins,	with	distances	between	0.2	 and	0.4	nm	providing	 very	 effective	pathways	
for	polarization	transfer	(Figure	2.3).	The	molecular	recognition	that	 leads	to	the	
head	to	tail	orientation	and	distorted	octahedral	surrounding	of	the	Zn2+	ion	puts	
Figure	 2.4	 Integration	 of	 TEM	 and	 MAS	 NMR	 data	 to	 resolve	 the	 DATZnS(3ʹ-NMe)	
structure.	(A)	TEM	image	of	the	DATZnS(3ʹ-NMe)	deposited	on	a	carbon	grid,	revealing	
the	 lamellar	 character	 of	 the	 compound	 and	 (B)	 the	 Fourier	 transform	 of	 the	 selected	
region	 showing	 the	 TEM	 diffraction	 pattern	 with	 systematic	 absences.	 In	 (D)	 the	
simulated	 diffraction	 pattern	 obtained	 with	 the	 NMR	 derived	 geometry	 optimized	






is	 also	 in	 quantitative	 agreement	 with	 the	 LGCP	 buildup	 kinetics	 data	 and	 the	
SIMPSON	analysis	shown	in	Figure	2.3.		
For	 the	 simulation	 of	 the	 diffraction	 pattern	 the	 model	 was	 read	 into	
CrystalMaker,	 oriented,	 and	 projected	 onto	 the	 TEM	 diffraction	 pattern	 in	
SingleCrystal	 (Figure	 2.4D).	 The	 model	 was	 oriented	 by	 performing	 visual	
matching	of	the	simulated	diffraction	with	the	observed	Fourier	transform.	A	view	
direction	along	the	0.69,	0,	0.69	 lattice	vector	gave	the	best	match	on	an	average	
orientation	 for	 the	 DATZnS(3ʹ-NMe)	 on	 the	 EM	 grid,	 with	 the	 indexing	 of	 the	
diffraction	image	as	indicated	in	Figure	2.4D.	The	analysis	validates	the	systematic	
absence	of	reflections	 from	the	c-glide	plane	 in	 the	P2/c	 space	group,	and	shows	
that	-1	0	1	and	1	0	-1	are	quenched	(Figure	2.4B).	The	strong	0	1	0	and	0	-1	0	are	
from	 the	 lamellar	 spacing	 and	 alternating	 regions	 of	 zinc	 salphen	 and	 NDI.	 The	
alternating	 electron	 density	 observed	 in	 the	 TEM	 image	was	 reproduced	 from	 a	
40*20*2	 super	 cell	 constructed	 out	 of	 a	 unit	 cell	 along	 the	 surface.	 An	 electron	
density	 map	 was	 generated	 and	 then	 projected	 onto	 a	 plane	 with	 the	 EMAN	
electron	microscopy	processing	suite,	which	is	in	correspondence	with	TEM	image	









axes	 and	 glide	 planes,	 apparently,	 the	 screw	 axis	 is	 suppressed	 in	 favour	 of	 a	













With	 the	C2	molecular	 symmetry	 preserved,	 the	DATZnS(3ʹ-NMe)	 self	 assembles	
into	 polar	 planes	 without	 inversion	 symmetry	 elements	 (Figure	 2.5B).	 Here	 the	
selectivity	 induced	by	the	chirality	that	emerges	at	the	salphen	motif	 is	essential.	
Chiral	 expression	 at	 surfaces	 and	 planes	 has	 attracted	 considerable	 attention	 in	
recent	years.	Only	five	possible	chiral	space	groups	can	exist	at	a	surface	and	the	
DATZnS(3ʹ-NMe)	 is	 forced	 into	 a	 P2	 plane	 by	 the	 molecular	 C2	 symmetry,	 the	
molecular	 recognition	 and	 for	 energetic	 reasons.46	The	 electric	 dipoles	 align	 and	
form	extended	arrays	with	a	positive	and	a	negative	side,	which	may	be	of	interest	
to	 support	 charge	 separation	 following	 light	 absorption	 in	 the	 NDI	 columns	
running	 perpendicular	 to	 the	 electric	 field	 direction	 in	 the	 P2	 plane	 of	 chiral	
molecules	(Figure	2.5B).	It	is	easy	to	create	chirality	in	a	2D	system	since	a	surface	
Figure	 2.5	 Molecular	 recognition	 for	 steering	 the	 packing	 of	 DATZnS(3ʹ-NMe)	 	 starts	
from	 chiral	 building	 blocks	 with	 C2	 symmetry	 (A).	 These	 self-assemble	 into	
enantiomerically	 pure	 polar	 layers	 with	 a	 P2	 surface	 symmetry	 to	 accommodate	 the	
twofold	axis.	The	layers	comprise	arrays	of	aligned	dipoles	with	a	positive	salphen	side	
and	negative	Br	side	(B).	Alternating	layers	with	opposite	chirality	self-assemble	with	a	




cannot	 possess	 a	 center	 of	 inversion	 and	 can	 only	 maintain	 reflection	 mirror	
symmetry	 planes	 normal	 to	 the	 surface,	 which	 leads	 to	 the	 P2/c	 arrangement	





surfaces	 and	planes,	 it	 is	 anticipated	 that	 this	molecular	 steering	 concept	 can	be	













and	 distance	 constraints	 obtained	 from	 CP/MAS	 NMR	 in	 association	 with	
reflections	in	the	diffraction	pattern	were	used	to	converge	on	a	racemic	packing	
with	 four	 independent	 positions	 starting	 from	 chiral	 building	 blocks	 with	 C2	
symmetry.	The	system	combines	a	high	density	of	1.67	g/cm3	with	a	low	energy	in	
comparison	 with	 other	 polymorphs.	 The	 molecular	 recognition	 and	 molecular	
symmetry	are	used	 to	steer	 the	packing	and	associated	 functional	characteristics	
by	forcing	the	system	into	a	racemic	packing	and	use	a	c-glide	plane	with	inversion	
symmetry	to	release	steric	hindrance.	The	combination	of	MAS	NMR,	cryo-EM	and	
molecular	 modeling	 with	 periodic	 boundary	 conditions	 in	 the	 form	 of	 a	 space	
group	provides	a	promising	approach	that	can	be	of	use	in	the	future	to	investigate	







For	 the	 purpose	 of	 this	 study	 Zinc(II)	 6,6'-((1E,1'E)-((4,5-dibromo-2,7-dioctyl-
1,3,6,8-tetraoxo-1,2,3,6,7,8,9,14-octahydro-[3,8]	 phenanthrolino	 [1,10-abc]	
phenazine-11,12-diyl)	 bis	 (azanylylidene))	 bis	 (methanylylidene))bis(3-
(dimethylamino)phenolate)	 (DATZnS(3’-NMe))	 molecule	 is	 used	 (Figure	 2.1).17	
The	 DATZnS	 scaffold	 is	 a	 hybrid	 material	 with	 a	 core	 expanded	 naphthalene	
diimide	 (cNDI)	 supramolecularly	 coupled	 with	 a	 zinc	 bis-salicyimide	 phenylene	
(salphen)	 moiety	 and	 can	 be	 functionalized	 with	 3ʹ-NMe	 or	 2ʹ,4ʹ-tBu	 functional	
groups	 (Figure	 S2.2).17	 For	 the	 synthesis,	 anhydrous	 N,N-dimethylformamide	
(DMF)	was	obtained	from	Sigma-Aldrich	and	used	as	received.	Melting	points	were	
measured	 using	 ΔT	 =	 1	 °C	 min-1	 on	 a	 Stuart	 Scientific	 SMP3	 melting	 point	
apparatus	and	are	uncorrected.	 Infrared	(IR)	spectra	were	recorded	neat	using	a	
Shimadzu	FTIR-8400s	 spectrophotometer	 and	wavelengths	 are	 reported	 in	 cm-1.	
Unless	 stated	 otherwise,	 all	 reagents	 were	 used	 as	 received	 from	 commercial	
vendors.	
	 Synthesis	 of	 DAT-diamine:	 In	 a	 small	 round	 bottom	 flask,	 15	mL	 of	 98%	
H2SO4	was	degassed	for	15	min	using	an	N2	stream.	DATTs49	was	added	as	a	solid	
(131	mg,	 0.12	mmol)	 and	 the	 resulting	 turquoise	 solution	was	 stirred	 under	N2	




blue	 solid	 (DAT-diamine)	was	 obtained	 in	 quantitative	 yield	 (85	mg).	 This	 solid	




	 Synthesis	 of	 DATZnS(3ʹ-NMe):	 DAT-diamine	 intermediate	 (142	 mg,	 0.18	
mmol)	 was	 prepared	 from	 DATTs,	was	 dissolved	 in	 15	 mL	 dry,	 degassed	 DMF	
under	an	Ar	atmosphere	and	heated	to	110	°C	 in	the	dark.	 In	a	separate	 flask,	4-
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resonance	MAS	 probe	 head,	 using	 a	 13C	 radio	 frequency	 of	 188.6	MHz	 and	 data	
were	collected	at	a	sample	temperature	of	298	K.	The	79Br	resonance	from	KBr	was	
used	to	set	the	magic	angle.	A	spinning	frequency	of	11	kHz	±	5Hz	was	used	for	the	
2D	 1H-13C	 heteronuclear	 correlation	 experiments.	 The	 1H	 spins	 were	 decoupled	
during	 acquisition	 using	 the	 two-pulse	 phase	 modulation	 TPPM	 scheme.	 Two-
dimensional	 1H-13C	 heteronuclear	 correlation	 data	 sets	 were	 obtained	 with	 the	
Phase	Modulated	Lee	Goldburg	(PMLG)	experiment	with	a	short	CP	time	of	0.256	
ms	and	a	long	CP	time	of	4	ms	(Figure	S2.2A).	The	1H	chemical	shift	was	calibrated	
with	 a	 HETCOR	 dataset	 collected	 from	 tyrosine.HCl	 salt.	 A	 Frequency-Switched	
Lee-Goldburg	 (FSLG)	 scale	 factor	 of	 0.571	 reproduces	 the	 1H	 chemical	 shifts	 for	
Tyrosine	 in	 solution.	 To	 collect	 the	 data	 set	 for	 the	 LGCP	 build	 up	 curves,	 the	
sequence	in	Figure	S2.8b	was	used.	LG	conditions	were	applied	during	CP	and	the	
contact	time	was	increased	from	0.1	to	2	ms.39		NMR	data	were	processed	using	the	



















contrast	 transfer	 at	 300	 kV	 for	 details	 with	 a	 periodicity	 of	≈2	 nm.	 3D	 electron	
density	was	simulated	from	atomic	coordinates	at	0.6	nm	resolution	by	using	the	
EMAN	 pdb2mrc	 program.	 The	 electron	 density	map	was	 projected	 onto	 a	 plane	
using	 the	EMAN	proc3d	program	to	get	a	 simulated	EM	 image.	Simulation	of	 the	
TEM	 diffraction	 was	 performed	 with	 SingleCrystal	 (Crystalmaker	 Software	 Ltd,	




Computational	 modeling	 was	 performed	 with	 the	 Biovia	 Materials	 Studio	 Suite	
(Biovia,	 San	 Diego,	 CA).	 Racemic	 packings	 were	 obtained	 for	 different	 space	
groups.	A	set	of	unit	cells	with	a	twofold	axis	was	selected	to	accommodate	the	C2	
symmetry.	The	monomer	was	positioned	along	the	twofold	axis	in	a	unit	cell	with	
the	 parameters	 obtained	 from	 TEM.	 The	 monomer	 was	 shifted	 and	 rotated	 to	
minimize	 steric	 hindrance	 and	 spurious	 doublings	 were	 removed	 by	 hand	 to	
obtain	a	reasonable	density.	The	structure	was	then	optimized	using	the	FORCITE	
module	with	the	Dreiding	force	field	and	ESP	charges	calculated	with	DMol3	for	the	
molecule	 in	 its	 C2	 configuration.	 Calculations	 were	 performed	 with	 DMol3	 as	
	 50	




	 NMR	 chemical	 shift	 calculations	 for	 monomers	 were	 performed	 by	
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Figure	 S2.1	 1D	 13C	 CP-MAS	 spectrum	of	DATZnS(3ʹ-NMe).	 The	data	were	 collected	 in	









































4ʹʹand	 (D)	 5ʹ,	 5ʹʹ	 13C	 nuclei.	 Initial	 sharp	 rise	 in	 the	 LGCP	 build	 up	 curve	 is	 due	 to	 the	 directly	







































































































De	 novo	 structure	 determination	 of	 an	 artificial	
bichromophoric	 light-harvesting	 antenna	 system	









resulting	 in	 	 an	 efficient	 transfer	 of	 energy	 through	 Förster	 Resonance	 Energy	
Transfer		(FRET)	from	the	donor	D1	to	the	acceptor	A2.	The	molecular	geometry	
and	the	packing	of	the		bichromophoric	light-harvesting	antenna,	D1A2	have	been	
determined	 by	 an	 interdisciplinary	 approach,	 which	 involves	 the	 computational	
integration	of	magic	angle	spinning	(MAS)	NMR	and	electron	nano	crystallography	
(ENC)	 followed	by	modelling.	MAS	NMR	chemical	 shifts	were	used	 to	generate	a	
truncated	 1,7-perylene-3,4,9,10-tetracarboxylic	 monoimide	 dibutylester	 motif	 as	
the	 building	 block	 for	 the	 molecular	 replacement.	 This	 motif	 is	 optimized	 with	
Density	functional	theory	(DFT)	in	a	C2	molecular	symmetry	and	used	in	a	biased	
molecular	 replacement	 approach	 to	 generate	 a	 partial	 3D	 electron	 density	map.	
Grafting	 of	 the	 bay	 substituents	 to	 the	 centrosymmetric	 dimers	 is	 guided	by	 the	
inversion	symmetry	in	the	unit	cell	and	the	distance	constraints	obtained	from	1H-
13C	HETCOR	at	 longer	mixing	 time.	The	 structure	was	 then	optimized	with	 force	









been	 remarkably	 conserved	 across	 taxonomies	 during	 three	 billion	 years	 of	
evolution.1,2	 Its	successful	operation	is	based	on	a	very	limited	set	of	 functionally	
independent	 subsystems	 dedicated	 to	 light	 harvesting,3,4	 charge	 separation	 and	
catalysis.5	 The	 molecular	 building	 blocks	 in	 photosynthetic	 complexes	 are	
interlinked	by	weak	couplings	that	are	well-balanced	for	optimal	performance.	Key	
structure-function	 relationships	 allow	 for	 a	 robust	 design	 with	 sufficient	
complexity	for	efficient	solar	energy	conversion	close	to	the	thermodynamic	limit	
while	avoiding	redundancy.		
In	 photosynthetic	 antennae,	 dye	 molecules	 are	 embedded	 in	 responsive	
matrix	architectures	for	efficient	exciton	transport.	The	chemical	programming	of	
artificial	molecular	scaffolds	that	replicate	the	commonalities	of	the	photosynthetic	
responsive	 matrices	 in	 a	 controlled	 way	 is	 a	 challenge.	 An	 essential	 element	 of	
such	 a	 response	 matrix	 is	 chirality,	 since	 this	 allows	 the	 matrix	 to	 undergo	
conformational	twisting	upon	excitation	for	a	coherent	conversion	with	near	unity	
yield.6-11	 The	 functional	 entities	 involved	 in	 photosynthesis	 are	 known,	 and	
chemical	 engineering12	 involves	 finding	 similar	 counterparts	 in	 robust	 organic	
molecules.	From	the	available	building	blocks	with	high	molar	absorptivity	in	the	
visible	 region,	 perylene	 and	 naphthalene	 monoimide	 chromophores	 stand	 out	
because	of	their	photochemical	robustness,	tunability	of	opto	electronic	properties	
and	versatility	of	applications.13-15	In	addition	to	archetypal	perylene	bisimides,	a	
new	 class	 of	 peri-substituted	 perylene	 tetracarboxylic	 acid	 derivatives	 has	 been	
developed	 with	 potentiality	 for	 application	 in	 artificial	 photosynthesis.13,16	 Here	
studies	 about	 the	 packing	 of	 4-(isopentylthio)naphthalene	 monoimide	 D1,	 as	
energy-donor	 and	 1,7-perylene-3,4,9,10-tetracarboxylic	 monoimide	 dibutylester	
(A2)17	as	an	acceptor	on	the	way	to	an	artificial	responsive	matrix	is	done.	Similar	
to	antennae	in	the	photosynthetic	machinery,	D1	can	harvest	light	and	transfer	the	
energy	 to	 the	 perylene	 through	 Förster	 Resonance	 Energy	 Transfer	 (FRET),18,19	
since	 both	 chromophores	 have	 complementary	 absorption	 with	 good	 overlap	
	 62	
between	 the	 emission	 of	 D1	 and	 the	 absorption	 of	 A2.	 Generally,	 perylene	
derivatives	tend	to	undergo	facile	charge	separation	when	coupled	to	moderately	




is	 essential	 to	understand	 the	mechanisms	of	 self-assembly.	This	 is	because	 self-
assembly	 determines	 the	 conformational	 entropy	 and	 how	 the	 misfits	 in	 the	
packing	 steer	 the	 morphology	 and	 dynamic	 structure	 of	 the	 responsive	 matrix	
towards	the	desired	direction.	This	requires	resolving	the	packing	order	against	a	
background	of	pronounced	heterogeneity	 that	makes	the	structure	elucidation	of	
these	 systems	 inaccessible	 to	 X-ray	 and	 other	 diffraction	 methods.	 The	
supramolecular	packing	of	heterogeneous	self-assembly	is	resolved	in	chapter	2	by	
computational	 integration	 of	 MAS	 NMR	 and	 low-resolution	 electron	
microscopy.20,21	 Based	 on	 the	 characteristic	 pattern	 of	 the	 nonzero	 diffraction	
intensities	extracted	from	Fourier	transformed	transmission	electron	microscopy	
(TEM)	 images,	 long	range	 information	about	 the	supramolecular	 framework	was		
	
																		 	
Figure	 3.1:	 Chemical	 structure	 of	 D1A2,	 which	 is	 an	 asymmetric	 perylene	 with	 a	
phenoxy	 derivative	 of	 napthalenemonoimide	 as	 bay	 substituents.	 Here	 the	 perylene	
core	 is	 numbered	 based	 on	 the	 conventional	 numbering	 scheme	 while	 the	 bay	





	 Position	 σsC*,	ppm	 σliqC,	ppm	 ∆σ	=	σsC-σliqC	
8	 127.39	 126.66	 0.73	
9	 131.36	 132.05	 -0.69	
9a	 120.97	 118.87	 2.1	
9b	 121.74	 121.62	 0.12	
6b	 128.53	 128.66	 -0.13	
7	 152.71	 152.49	 0.22	
10	 132.97	 133.99	 -1.02	
11	 132.41	 131.27	 1.14	
12	 128.27	 128.15	 0.12	
12a	 129.29	 129.41	 -0.12	
12b	 126.31	 126.46	 -0.15	
3b	 121.17	 118.84	 2.33	
6a	 126.89	 126.77	 0.12	
Eʹ	 162.43	 163.49	 -1.06	
E1	 162.43	 164.17	 -1.74	
3a	 122.1	 123.29	 -1.19	
4	 130.93	 131.32	 -0.39	
5	 129.35	 129.73	 -0.38	
6	 128.27	 128.58	 -0.31	
1	 152.71	 152.31	 0.4	
2	 122.54	 125.34	 -2.8	
4	 132.97	 133.21	 -0.24	
31	 167.02	 167.38	 -0.36	
41	 167.02	 168.21	 -1.19	
E2	 65.59	 65.55	 0.04	
E3	 29.42	 30.48	 -1.06	
E4	 18.76	 19.21	 -0.45	
E5	 14.85	 13.8	 1.05	
E2ʹ	 65.59	 65.88	 -0.29	
E3ʹ	 29.4	 30.64	 -1.24	
Eʹ	 18.76	 19.29	 -0.53	
E5ʹ	 14.85	 13.8	 1.05	
P1	 146.88	 146.3	 0.58	
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P2,	P6	 126.31	 125.6	 0.71	
P3,	P5	 132.88	 131.27	 1.61	
P4	 120.55	 122.55	 -2.00	
P8,	P7	 28.92	 29.13	 -0.21	
P81,	P82	 23.79	 22.42	 1.37	
P71,	P72	 23.79	 24.09	 0.3	
B1,	B1ʹ	 152.71	 155.6	 -2.89	
B2,	B6,	B2ʹ,	Bʹ	 129.35	 130.64	 -1.29	
B3,	B5,	B3ʹ,	Bʹ	 119.95	 118.65	 1.3	
B4,	B4ʹ	 146.88	 146.37	 0.51	
B7,	B7ʹ	 162.43	 162.82	 -0.39	
B7a,	B7aʹ	 130.09	 131.06	 -0.97	
B7b,	B7ʹ	 122.83	 123.13	 -0.3	
B13a,	B13aʹ	 129.29	 129.64	 -0.35	
B14,	B14ʹ	 162.43	 164.2	 -1.77	
B8,	B8ʹ	 129.35	 129.51	 -0.16	
B9,	B9ʹ	 122.54	 124.01	 -1.47	
B10,	B10ʹ	 143.69	 145.74	 -2.05	
B10a,	B10aʹ	 121.56	 122.79	 -1.23	
B11,B11ʹ	 129.87	 130.53	 -0.66	
B12,	B12ʹ	 127.39	 126.66	 0.73	
B13,	B13ʹ	 132.41	 132	 0.41	
S1,	S1ʹ	 36.6	 37.11	 -0.51	
S2,	S2ʹ	 30.97	 30.32	 0.65	
S3,	S3ʹ	 22.95	 27.69	 -4.74	
S31,	S32,	S3ʹ1,	S3ʹ2	 24.94	 22.17	 2.77	
		*Analogous	assignment	based	on	solution	state	NMR	
obtained.	 The	 chemical	 shifts	 and	 limited	 set	 of	 intermolecular	 distance	
constraints	 allowed	 to	 fill	 the	 framework	 with	 molecular	 building	 blocks,	 to	
resolve	 a	 model	 that	 captures	 the	 essential	 properties	 of	 the	 heterogeneous	
structure.		
	 This	 chapter	 explains	 a	next	 step	 in	 this	methodology	by	 integrating	MAS	




a	 significant	 part	 is	 disordered	 or	 dynamic.	 A	 biased	 molecular	 replacement	
approach	 is	used	 to	generate	a	partial	electron	density	map,	with	 the	 input	 from	
reflection	 spots	obtained	 from	ENC.	This	 allows	determining	 the	 cell	 parameters	
and	 leads	 to	 a	 P-1	 space	 group	 as	 most	 likely	 solution.	 A	 rigid	 A2	 motif	 was	
modeled	 in	 a	 C2	 molecular	 symmetry,	 guided	 by	 the	 information	 from	 NMR	
chemical	shifts.	This	was	used	for	molecular	replacement	and	allowed	to	position	a	
centrosymmetric	 A2	 in	 a	 packing	 cell.	 The	 electron	 density	 is	 consistent	 with	




perylene	 dimers	 with	 induced	 P	 and	 M	 core	 chirality	 in	 racemic	 packing	 is	
converged.	 The	network	 is	 supported	 by	 the	 bridges	 formed	out	 of	 the	 phenoxy	
and	naphthalene	monoimide	bay	substituents	that	extend	towards	the	next	row	of	






In	 the	 D1A2	 light	 harvesting	 donor-acceptor	 molecule,	 the	 blue	 light	 absorbing	
naphthalene	monoimide	energy	donor,	D1,	 is	covalently	attached	to	a	green	 light	
absorbing	energy	acceptor	perylene	derivative,	A2,	at	the	1,7-bay-positions	(Figure	
3.1).	 While	 the	 perylene	 core	 does	 not	 possess	 any	 stereogenic	 center,	 core	
chirality	 can	 be	 induced	 by	 steric	 interactions.22	 Here	 sterically	 demanding	
aromatic	 phenoxy	 spacers	 that	 are	 non-conjugating	 due	 to	 nonplanar	
conformations	at	both	the	energy	donor	and	the	acceptor	motifs	is	used.	Bridging	
the	 donor	 and	 acceptor	 chromophores	without	 direct	 electronic	 communication	














135	 ppm	 the	 aromatic	 signals	 of	 the	 A1	 and	 D1	 are	 found,	while	 downfield	 the	
characteristic	 regions	 for	 the	 phenoxy	 (~152	 ppm),	 the	 aromatic	 thio	 response	
~145	ppm	and	the	keto	13C	~165	ppm	all	comprise	relatively	strong	signals.	Both	
the	 donor	 and	 the	 acceptor	 motif	 have	 comparable	 NMR	 responses	 from	
functionalities	and	extended	π	conjugation,	while	the	thio	and	phenoxy	groups	are	




3.1	 and	 2).	With	 this	 approach,	 a	 difference	 |∆σ|≤	 2	 ppm	 in	 13C	 NMR	 chemical	
shifts	between	solution	σliqC	and	solid	σsC	state	is	obtained	(Table	3.1).	
	 Some	moderate	 differences	 in	 linewidth	 between	 the	 responses	 from	 the	





may	 be	 heterogeneous	 relative	 to	 the	 core.	 For	 the	 alkyl	 chains	 attached	 to	 the			








Position	 σsH,	ppm	 σliqH,	ppm	 ∆σ	=	σsH-σliqH	
8	 7.84	 8.54	 -0.7	
11	 7.6	 8.66	 -1.06	
12	 7.05	 9.4	 -2.35	
5	 7.33	 8.1	 -0.77	
6	 7.05	 9.35	 -2.3	
2	 7.59	 7.94	 -0.35	
E2	 3.44	 4.31	 -0.87	
E3	 1.31	 1.79	 -0.48	
E4	 1.01	 1.45	 -0.44	
E5	 0.94	 0.97	 -0.03	
E2ʹ	 3.44	 4.36	 -0.92	
E3ʹ	 1.31	 1.79	 -0.48	
E4ʹ	 1.01	 1.51	 -0.5	
E5ʹ	 0.94	 1.00	 -0.06	
P3	 7.69	 8.49	 -0.8	
P4	 8.01	 7.55	 0.46	
P5	 7.69	 8.49	 -0.8	
P8	 2.41	 1.82	 0.59	
P7	 2.41	 1.82	 0.59	
P81,	P82	 0.8	 0.98	 -0.18	
P71,	P72	 0.8	 0.98	 -0.18	
B2,	B6,	B2ʹ,	B6ʹ	 7.33	 7.32	 0.01	
B3,	B5,	B3ʹ,	B5ʹ	 7.93	 7.24	 0.69	
B8,	B8ʹ	 7.33	 7.44	 -0.11	
B9,	B9ʹ	 7.59	 7.31	 0.28	
B11,	B11ʹ	 7.67	 8.6	 -0.93	
B12,	B12ʹ	 7.85	 7.75	 0.1	
B13,	B13ʹ	 7.6	 8.63	 -1.03	
S1,	S1ʹ	 1.17	 1.69	 -0.52	
S2,	S2ʹ	 1.09	 3.16	 -2.07	
S3,	S3ʹ	 1.05	 1.82	 -0.77	






the	 two	 naphthalene	 monoimides	 are	 attached	 to	 different	 bay	 positions	 they	
exhibit	very	similar	chemical	shifts,	 indicating	identical	environments	for	the	two	
donors	pointing	towards	pseudosymmetry	in	the	packing.	Similarly,	the	dispersion	
of	 responses	 from	 the	 methyl	 groups	 of	 the	 imide	 substituent	 2,6-diisopropyl	
phenyl	 and	 the	 isopentyl	 tail	 is	 only	 moderate,	 despite	 core	 chirality	 and	
asymmetric	bay	substituents.	Due	to	the	electronegative	sulphur,	the	shifts	of	the	
Figure	 3.2	 13C-1H	 2D	 HETCOR	 spectra	 of	 D1A2	 at	 natural	 abundance	 collected	 at	 room	
temperature	with	1	ms	mixing	time.	The	MAS	frequency	and	the	number	of	scans	are	13	
kHz	 and	 1	 k	 respectively.	 Intermolecular	 correlations,	 for	 resolving	 the	 packing,	 are	






adjacent	 CH2	 groups	 are	 around	 36	 ppm.	 Similarly,	 the	 CH2	 groups	 E2	 and	 E2ʹ,	
attached	 to	carboxyl	 functionalities,	have	a	distinguishable	chemical	 shift	around	
65	ppm.	Terminal	alkyl	groups	E5	and	E5ʹ	have	a	characteristic	upfield	chemical	
shift	 of	 14	ppm	and	 this	 signal	 is	well	 resolved.	The	E4	 and	E4ʹ	 resonate	with	 a	
chemical	shift	of	18.76	ppm.	A	close	analogy	between	solution	and	solid-state	NMR	
chemical	 shifts	 validates	our	 inference	 that	 the	bricks	or	building	blocks	 are	not	
very	 sensitive	 to	 the	 differences	 between	 the	 dissolved	 and	 condensed	 states.	
Pronounced	deviation	of	~2.35	ppm	in	the	1H	NMR	chemical	shift	in	solution	state	




comprise	 the	 observed	 correlation	 signals	 and	 intermolecular	 correlations	 are	
labeled	following	the	numbering	scheme	in	Figure	3.1.	Since	B12ʹC	and B12C are	
located	 at	 the	 far	 end	 of	 the	 bay	 substituent	 and	 the	 E5H	 and	 E5ʹH	 are	 at	 the	
terminal	 methyl	 of	 the	 aliphatic	 chains	 attached	 to	 the	 perylene	 core,	
intramolecular	relayed	 transfer	along	 the	carbon	backbone	 is	unlikely.	Also,	 long	
range	 transfer	 across	 the	 same	 molecule	 would	 require	 a	 pronounced	
conformational	 change	with	 respect	 to	 the	 relaxed,	 extended	 state,	which	would	




and	B9C,	B9ʹC	 respectively.	 This	 could	only	be	 intermolecular	 since	naphthalene	
monoimide	 is	 far	 away	 from	 alkyl	 chain	 attached	 to	 perylene	 core	 to	 have	 an	
intramolecular	 transfer.	 Interestingly,	 a	 long-range	 correlation	 signal	 can	 be	
observed	 between	 aromatic	 protons	 and	 aliphatic	 carbons,	 represented	 as	 E3ʹH,	
E3H	 and	 B8ʹC,	 B8C	 in	 Figure	 3.2,	 which	 is	 also	 an	 intermolecular	 correlation.	 A	
correlation	peak	 is	observed	between	2H	and	8C	 in	 the	aromatic	 ring.	This	 long-
range	transfer	should	be	intermolecular	since	8	Å	distance	between	8H	and	2C	is	
too	 large	 for	 an	 intramolecular	 transfer	 event.	 This	 intermolecular	 correlation	
points	towards	centrosymmetric	dimers	of	perylene	with	opposite	core	chirality.	A		
	 70	














   *Highest resolution shell is shown in parenthesis 
long	 range	 correlation	between	 the	2,6-diisopropyl	phenyl	P7C	and	P8C	 carbons	
with	 the	 proton	 response	 associated	 with	 the	 terminal	 S31,	 S32,	 S31ʹ and	 S32ʹ	
methyl	groups	on	the	isopentyl	thiol	tail	should	be	intermolecular.	
	 Electron	 nano	 crystallography	 (ENC)	was	 used	 to	 determine	 the	 unit	 cell	
dimensions	of	 a	 single	 flat	D1A2	nanocrystal	 of	 400x1000x200	nm3	 (Figure	3.3).	
The	nanocrystal	was	rotated	continuously	at	room	temperature	in	a	highly	parallel	
electron	beam	from	-20.0°	to	+27.7°	with	an	angular	increment	of	0.028°	per	frame	









	 While	 it	 can	be	determined	 from	the	reflections	with	high	confidence	 that	
the	packing	is	triclinic,	a	distinction	between	the	two	possible	space	groups	P1	and	
P-1	 is	 not	 straightforward.	 A	most	 likely	 centrosymmetric	 P-1	 space	 group	 was	
determined	from	the	XDS	hkl	output	with	POINTLESS,	with	a	probability	of	0.577,	
and	a	probability	of	0.423	for	the	alternative	P1,	yielding	a	space	group	confidence	
of	 0.3	 for	 the	 best	 solution	 P-1	 (Table	 3.3).30,31	 Since	 the	 standard	 settings	 of	
POINTLESS	are	for	proteins,	they	were	changed	with	the	CHIRALITY	NONCHIRAL	
keyword	 to	 allow	 for	 centrosymmetric	 space	 groups.	 As	 there	 is	 a	 single	 space	
group	with	the	highest	score,	P-1	was	selected	for	further	processing.	This	is	in	line	
with	the	NMR	results,	which	reveal	an	intermolecular	correlation	between	2H	and	
8C	 that	 provides	 strong	 evidence	 for	 a	 centrosymmetric	 packing	 of	 antiparallel	
dimers.	Data	were	processed	with	AIMLESS	to	resolve	502	reflections	out	of	956	
observations	down	to	a	final	resolution	of	1.9	Å	(Table	3.3).32	The	intensities	were		
truncated	 and	 converted	 to	 amplitudes	 with	 CTRUNCATE.33	 The	 scattering	 data	
are	 highly	 anisotropic,	 indicating	 that	 the	 crystal	 is	 poorly	 ordered	 along	 one	
direction.	Data	completeness	was	limited	to	25%	(Table	3.3).				
To	generate	an	electron	density	map,	the	intensities	were	analyzed	with	the	






was	 performed	 with	 a	 truncated	 C2	 symmetric	 rigid	 perylene	 core	 model	 with		
	methyl	ester	tails	and	without	the	bay	substituents.	Selection	of	the	trial	structure	
was	 guided	 by	 the	NMR	 results,	where	 very	 similar	 chemical	 shifts	 between	 the	








rather	 than	 solving	 a	 structure	 at	 high	 resolution,	 which	 is	 meaningless	 in	 a	
heterogeneous	environment.	Here	reciprocal	 space	 is	used	 to	average	 the	details	
and	let	the	commonality	between	packing	cells	emerge.	This	can	imply	tolerating	
colliding	molecules	at	an	early	stage,	and	resolving	the	collisions	at	a	later	stage	by	








Computational	 integration	 of	 MAS	 NMR	 and	 TEM	 was	 recently	 developed	 to	










reciprocal	 space.	 Systematic	 absences	 allowed	 determining	 the	 space	 group	 that	
describes	 the	 packing.	 	 Here	 the	 methodology	 is	 extended	 to	 the	 next	 level	 by		
	performing	 an	 ENC	 experiment	 to	 observe	 directly	 the	 scattering	 intensity	 in	
reciprocal	 space.	 This	 allows	 determining	 the	 unit	 cell	 parameters	 and	 the	 Laue	
class	 of	 the	 packing.	 The	 coherent	 scattering	 intensity	 is	 considerably	 less	 than	
expected	 from	 the	 molecular	 weight	 (Table	 3.3),	 and	 I	 used	 different	 building	
blocks	 of	 the	 supramolecular	 structure	 as	 trial	models	 to	 determine	 that	mainly	
the	 perylene	 part	 is	 diffracting	 and	 that	 phenoxy	 and	 naphthylmonoimide	
fragments	may	be	disordered	or	mobile	and	do	not	give	rise	to	nonzero	structure	
factors	 in	 the	 ENC.	 The	 density	 of	 perylene	 type	 solids	 is	 ~1.25	 g/cm3.34	 From	
consideration	 of	 the	 atomic	 volumes	 and	 space	 group,	 it	 is	 deduced	 that	 there	
should	 be	 two	molecules	 in	 the	 unit	 cell	 i.e.	Z=2.	 	 A	 racemic	material	 built	 from	
8H/2C	
8H/2C	









is	 known	 that	 clusters	 of	 protons	 are	 capable	 of	 efficient	 relayed	 polarization	
transfer	over	3-5	Å	to	quaternary	carbon	nuclei.	The	model	bias	in	the	molecular	
replacement	allows	to	add	relevant	phase	angles	to	the	scattering	intensities	and	
generate	a	 low	resolution	electron	density	map	 in	 the	unit	 cell	 for	positioning	of	
molecules	 with	 NMR	 shift	 and	 distance	 constraints	 (Figure	 3.4).	 In	 PHASER	
analyses	 with	 naphthalene	 monoimide	 and	 isopentylthio	 fragments,	 the	 match	
with	the	electron	density	map	was	rather	poor,	compared	to	the	perylene	core	trial	
structure.	 For	 the	 naphthalene	 monoimide,	 which	 is	 a	 flat	 rigid	 object	 with	 a	
molecular	 weight	 of	 197	 Da,	 PHASER	 reproduces	 an	 electron	 density	 of	 the	
centrosymmetric	 perylene	 dimer.	 On	 the	 one	 hand	 this	 gives	 confidence	 that	
molecular	bias	helps	to	converge	upon	the	desired	result,	while	on	the	other	hand	
it	 confirms	 that	 the	 diffracting	 species	 is	 primarily	 the	 perylene.	 Hence,	
naphthalene	 monoimide	 predominantly	 represents	 the	 disordered	 or	 mobile	




With	 the	 principal	 scattering	 component	 positioned	 in	 the	 unit	 cell	 (Figure	 3.4),	
the	 bay	 substituents	 can	 be	 attached	 for	 geometrical	 optimization	 using	 the	
FORCITE	module	in	Materials	Studio	to	fill	the	space	and	compare	with	the	partial	
electron	density	map.	The	final	model	obtained	in	this	way	is	shown	in	Figure	3.5	
with	 naphthalene	monoimide	 positioned	 in	 between	 perylene	 dimers.	 Propellor	
shaped	centrosymmetric	dimers	with	P	and	M	chirality	are	positioned	diagonally	
across	 the	 unit	 cell,	 with	 the	 2,	 6	 diisopropyl	 phenyl	 group	 perpendicular	 to	
perylene	plane	to	diminish	steric	hindrance	(Figure	3.4).35	A	3D	network	is	formed	
by	 the	 stretched	 phenoxy	 and	 naphthalene	 monoimide	 bay	 substituents,	 that	
extend	towards	the	next	second	row	of	perylene	dimers,	effectively	providing	non-
covalent	 crosslinks	 with	 the	 isopentylthio	 functionalities	 and	 positioning	 the	
naphthalene	monoimide	donor	blocks	in	between	the	perylene	dimers	of	the	first	
next	row	(Figure	3.5).	In	this	way	both	rigidity	and	softness	can	be	realized	within	
the	 same	 scaffolding,	 which	 paves	 the	 way	 for	 the	 design	 and	 engineering	 of		
	 75	
artificial	 photosynthesis	 materials.	 The	 molecules	 self-assemble	 in	 a	 racemic	
packing	of	P	and	M	enantiomers	with	core-induced	handedness.	The	induced	misfit		
	necessary	 for	 the	 responsive	 matrix	 operation	 could	 be	 achieved	 through	 the		
Figure	 3.5	 Proposed	 packing	 of	 D1A2	with	 the	P-1	 space	 group.	 The	 orientation	 of	 the	
perylene	 core	 in	 the	 unit	 cell	 is	 in	 accordance	 with	 the	 partial	 electron	 density	 map	




of	 having	 separate	 images	 and	models,	 here	 there	 is	 fully	 integrated	 analysis	where	 the	
nonzero	 scattering	 intensity	 in	 reciprocal	 space	 is	 translated	 into	 a	 3D	 electron	density	
contour	 in	 real	 space	 that	 is	 projected	 onto	 a	 tangible	 3D	molecular	 structure	with	 the	
periodic	 commonality	 of	 the	 packing	 represented	 by	 a	 unit	 cell	 and	 space	 group.	 The	
perylene	cores	forms	centerosymmetric	dimers	with	the	napthalenemonoimide	moieties	
extending	 outwards.	 Even	 though	 the	molecule	 is	 chiral,	 the	 barriers	 for	 the	 flipping	 of	




positioning	 of	 the	 naphthalene	 monoimide	 donor	 motives	 in	 the	 cavities	 in	 the	
network.	 	 In	 the	 proposed	 model	 NMR	 constraints	 shown	 in	 Figure	 3.2	 are	
accommodated	and	 lead	to	a	viable	model	packing	with	an	overall	energy	of	230	
kcal/mol.	 In	 the	 electron	 density	 map	 and	 the	 structure,	 the	 distance	 between	
perylene	planes	in	the	dimer	is	~4.1	Å	after	modeling.	A	shorter	distance	of	3.8	Å	
has	been	reported	before	for	perylene	dimers	from	X-ray	data.36		
	 Blue	 light-absorbing	 naphthalene	 monoimide	 energy	 donors,	 harvest	 the	
photons	and	transfer	the	energy	to	the	green	light-absorbing	perylene	derivatives,	
which	 are	 energy	 acceptors.	 This	 energy	 transfer	 can	 probably	 procced	 through		
	FRET	 since	 there	 is	 a	 good	 overlap	 between	 the	 donor's	 emission	 and	 the		
acceptor's	 absorption.16	The	perylene	dimers	 form	rods	along	 the	a	axis	with	an	
edge-to-edge	 distance	 of	 0.28	 nm	 between	 dimers,	 which	 is	 favorable	 for	 FRET	
(Figure	3.5).	Both	along	the	b	axis	and	along	the	c	axis	the	edge-to-edge	distances	
are	 longer,	 ~0.8	 nm	 and	 ~1	 nm,	 respectively.	 Such	 morphology	 offers	 an	





Computational	 integration	 of	 ENC	 and	MAS	 NMR	with	 a	 molecular	 replacement	
approach	 is	 used	 to	 determine	 the	 molecular	 geometry	 and	 packing	 of	 a	
bichromophoric	light-harvesting	donor-acceptor	antenna	system	D1A2	that	forms	





column	 of	 acceptors,	 with	 naphthalene	 monoimide	 antennas	 projecting	 out	 to	
harvest	 photons	 and	 feed	 into	 the	 system	 through	 FRET	 via	 their	 positioning	 in	
between	 dimers.	 This	 methodology	 opens	 the	 way	 for	 the	 studies	 of	







The	 studied	 antenna	 system	 D1A2	 was	 synthesized	 by	 the	 reaction	 between	
perylene	 derivative	 N-(2,6-diisopropylphenyl)-1,7-dibromo-perylene-3,4,9,10-




The	MAS	NMR	 spectra	were	 recorded	with	 a	 Bruker	 AV-750	MHz	 spectrometer	
(Bruker,	Billerica,	MA)	equipped	with	a	4	mm	triple	MAS	probe	operating	with	a	
spinning	frequency	of	13	kHz	±	5	Hz.	The	Two	Pulse	Phase	Modulation	scheme	was	
used	 to	 decouple	 the	 proton	 spins	 during	 acquisition.37	 Two-dimensional	 1H-13C	
heteronuclear	 correlation	 data	 were	 collected	 by	 using	 the	 frequency-switched	
Lee-Goldburg	(FSLG)	experiment,38	with	two	different	CP	times	of	256	μs	and	1024	
μs	for	the	detection	of	short	range	and	long	range	dipolar	correlations	respectively	











two	microscopy	 glass	 slides.	 The	 crushed	 sample	was	 applied	 to	 a	 holey	 carbon	
films	on	300	mesh	Copper	grid	(Agar	Scientific	Ltd,	Essex)	creating	a	random	size	
and	 orientation	 distribution	 of	 nanocrystals.34	 Electron	 diffraction	 data	 were	
collected	from	a	single	D1A2	nano	crystal.	The	experimental	setup	for	the	electron	
diffraction	 measurements	 was	 a	 Philips-FEI	 CM30	 LaB6	 transmission	 electron	
microscope	 (University	 of	 Barcelona,	 CciTUB	 services)	 operated	 at	 200	 kV	 (λ	 =	
	 78	
0.02508	 Å)	 fitted	 with	 a	 Timepix	 detector	 chip-assembly.39	 Electron	 diffraction	
data	were	collected	under	parallel	beam	conditions	from	a	single	nanometer	sized	







the	 P-1	 symmetry	 axis.	 Inverse	 symmetry	 in	 the	 P-1	 space	 group	 generates	 the	
enantiomers.	The	structure	is	then	optimized	with	the	FORCITE	Module	using	the	
Universal	force	field	under	periodic	boundary	conditions.	P-1	symmetry	preserves	
the	 intrinsic	 chirality	 of	 the	 molecule	 during	 geometry	 optimization.	 Smart	
algorithm	with	a	convergence	tolerance	of	energy	about	2.0	e-5	kcal/mol	and	force	
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Figure S3.2 1H NMR spectrum of D1A2. 
 
 
Figure S3.1 1D 13C CPMAS spectrum of D1A2 collected at a spinning frequency 




















Figure S3.4 1H-1H COSY spectrum of D1A2 showing aromatic region. 
 
Figure S3.3 1H-1H COSY spectrum of D1A2 showing aliphatic region. 
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Figure S3.5B 13C-1H HSQC spectrum of D1A2 showing aromatic region. 
 









The	 packing	 of	 DATZnS(4H)	 is	 deduced	 from	 CP/MAS	 NMR,	 TEM,	 and	 unit	 cell	
parameter	optimization	with	 force	 field	modelling.	C2	molecular	symmetry	of	 the	
DATZnS(4H)	 is	 obtained	 from	MAS	NMR	 and	DFT	modeling.	 Spatial	 correlations	
obtained	 from	HETCOR	 spectra	 collected	with	 a	 long	mixing	 time	 of	 2	ms	 point	
towards	 an	 antiparallel	 stacking.	 The	 packing	 constraints	 and	 limited	 data	 from	
Fourier	 transformation	of	 a	TEM	 image	are	used	 to	 construct	a	 structural	model	
with	the	P2/c	space	group	obtained	from	the	DATZnS(3ʹ-NMe)	parent	compound	
for	which	 the	 structure	 has	 been	 solved	 (chapter	 2).	 The	 data	 indicates	 that	 the	
packing	of	fused	naphthalene	diimide-salphen	bichromophoric	antenna	forming	a	
phenazine	motif	with	a	dipole	moment	 in	a	P2/c	 supramolecular	 scaffold	 can	be	
steered	by	a	functional	group	between	antiparallel	dipoles	and	parallel	dipoles	in	a	
layer.	The	packing	of	fused	NDI-salphen	chromophores	forming	a	phenazine	motif	





With	 the	 looming	 energy	 crisis	 and	 pollution	 coming	 out	 of	 conventional	 fuels,	
scientists	are	trying	to	find	an	alternative	by	mimicking	the	primary	processes	of	
photosynthesis.1-6	In	nature,	plants	harvest	light	for	solar	to	fuel	conversion	using	
photosynthetic	 antennae	 complexes.7-9	 Even	 though	 nature	 has	 given	 the	 blue	
prints	 to	 convert	 energy	 from	 sunlight	 through	 photosynthesis,	 a	 principal	
challenge	lies	in	finding	suitable	molecules	that	mimic	the	chemical	characteristics	
of	 chlorophylls	 for	 application	 in	 artificial	 systems.10-12	 Self-assembly	 is	 the	





The	 challenge	 is	 to	 find	 a	 suitable	 scaffold,	which	has	 the	 ability	 to	harvest	 light	
into	which	the	water	splitting	catalyst	can	be	attached.6,17	
	 DATZnS(4H)	 is	 a	 bichromophoric	 antenna,	 which	 is	 prepared	 by	 fusing	
naphthalene	 diimide	 with	 zinc	 salphen,	 thereby	 generating	 a	 phenazine	 bridge	
(Figure	4.1).	18-22		 	This	molecule	belongs	to	a	class	of	molecules,	which	exhibit	the	
properties	of	zinc	salphen	to	 form	a	metal	organic	 framework	while	 the	NDI	and	
the	 phenazine	 can	 be	 involved	 in	 π-π	 stacking.18-20	 In	 addition,	 the	 extended	 π	
conjugation	from	the	salphen	to	NDI	in	the	molecule	enhances	the	π-π	stacking.21	




a	 later	 stage,	 e.g.	 by	 using	 them	 as	 a	 linker	 to	 attach	 antenna	 systems	 to	
functionalized	 electrode	 surfaces.	 The	 vacant	 orbitals	 present	 in	 the	 Zn2+	 of	 the	
salphen	 can	 accommodate	 an	 additional	 ligand.	 For	 instance,	 a	 catalyst	 can	 be	
attached	 through	 a	 coordination	 bond	 to	 the	 scaffold.14,25-27The	 phenazine	
molecule	 possesses	 an	 aromatic	 surface	 which	 is	 flat	 and	 electron	 rich.28	 This	
creates	the	possibility	of	attractive	van	der	Waals	and	charge	transfer	interactions	
similar	 to	 supramolecules	 built	 from	 porphyrins.29-32	 The	 properties	 and	
applications	 of	 these	 organometallic	 frameworks	 can	 be	 altered	 by	 changing	 the	




antenna	 complexes,	 such	 as	 mixing	 in	 charge	 transfer	 states	 into	 the	 excited	
state.33,34	In	particular,	since	the	fused	salphen-phenazine-NDI	motif	has	an	electric	
dipole	 moment,	 this	 provides	 a	 handle	 for	 functionalization	 and	 chemical	
engineering	by	steric	control	for	steering	the	packing.	The	stability	of	this	molecule	
is	 another	 attractive	 feature.	 Self-organization	 is	 driven	 by	 supramolecular	
noncovalent	 interactions	 such	 as	 π-π	 stacking,	 hydrogen	 bonding,	 and	 a	
hydrophobic	packing	environment.	To	design	a	supramolecule	with	a	designated		
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property	 like	 efficient	 light	 harvesting,	we	 have	 to	 deepen	 our	 knowledge	 about	
how	 molecular	 characteristics	 influence	 the	 self-assembly.35	 The	 DATZnS(4H)		
dyad	 has	 the	 possibility	 to	 be	 tailored	 for	 incorporation	 into	 flexible	 large	 area	
devices.	 Compact	 π-π	 stacking	 arising	 from	 the	 phenazine	 helps	 to	 form	 a	 rigid	
scaffold	to	attach	the	catalyst.36	The	wavelength	at	which	photons	are	absorbed	in	
Figure	4.1	Chemical	structure	of	the	DATZnS(4H)	molecule	with	numbering	according	to	
the	 IUPAC	 convention.	 DATZnS(4H)	 is	 a	 member	 of	 a	 class	 of	 fused	 NDI-zinc-salphen	
based	chromophore	(salphen	=	bis-salicylimide	phenylene)	which	are	catching	interest	in	













insight	 in	 to	 the	solid	state	physical	properties	of	aggregates.	Overall	dimensions	
and	shapes	of	the	final	assemblies	are	determined	by	various	packing	factors,	both	
steric	 and	 electronic.	 A	 supramolecular	 strategy	 based	 on	 DATZnS(4H)	 with	
diverse	 functional	 groups	 offers	 the	 opportunity	 to	 steer	 the	 packing	 in	 desired	
directions.	In	parallel,	profound	mechanistic	insight	into	packing	effects	will	pave	




defined	 scaffolding	 and	 intrinsic	 heterogeneity	 at	 the	 molecular	 level.39	 By	
carefully	 analyzing	 regions	 of	 nonzero	 diffraction	 in	 reciprocal	 space,	 either	
obtained	directly	from	electron	diffraction	or	indirectly	from	Fourier	transforms	of	
TEM	images,	packing	order	can	be	detected	and	combined	with	chemical	shift	and	
distance	 constraints	 obtained	 by	 MAS	 NMR	 to	 average	 static	 heterogeneity	 and	
resolve	a	very	detailed	model	for	the	supramolecular	organization	in	the	absence	
of	 true	 translation	 symmetry.	 In	 chapter	 2,	 it	 is	 explained	 how	 the	 systematic	
absences	 in	 reciprocal	 space	 can	 be	 acquired	 by	 Cryo-EM.	 Along	 with	 chemical	
shift	 information	 and	 distance	 constraints	 obtained	 by	 CP/MAS	NMR	 and	 1H-13C	
heteronuclear	 correlation	 spectroscopy	 data	 collected	 from	 samples	 with	 13C	 at	
natural	abundance,	a	space	group	could	be	identified.	In	chapter	3,	electron	nano	
crystallography	 is	 used	 to	 determine	 the	 unit	 cell	 parameters	 and	 space	 group,	
while	the	packing	is	filled	in	combination	with	CP/MAS	NMR.	In	this	chapter,	it	is	
shown	that	very	limited	Cryo-EM,	in	combination	with	chemical	shift	and	HETCOR	
data	 can	guide	 the	 state	of	 the	art	molecular	mechanics	modeling	of	 the	packing	




and	 DFT	 modeling	 point	 to	 C2	 molecular	 symmetry	 of	 the	 DATZnS(4H)	 and	 a	










DATZnS(4H)	 is	 a	 fused	 NDI-zinc-salphen	 based	 chromophore	 (salphen	 =	 bis-
salicylimide	 phenylene).	 Moderately	 sized	 molecules	 like	 DATZnS(4H)	 with	 low	
symmetry	 and	 few	 protons,	 which	 are	 on	 the	 extended	 network	 of	 conjugated	
aromatic	 rings,	 make	 it	 feasible	 to	 identify	 selective	 intermolecular	 polarization	
transfer	events,	to	spatially	probe	the	structure.40	13C	1D	CP/MAS	NMR	data	were	
collected	 to	start	with	 the	structural	analysis	 (Figure	S4.1).	The	spectrum	 is	well	
dispersed	over	170	ppm,	which	makes	a	reasonable	assignment	based	on	chemical	
shifts	 possible.	 This	 dispersion	 of	 chemical	 shifts	 is	 achieved	 through	 rich	
functionalities,	 as	 there	 are	 four	 carbonyl	 groups,	 two	 phenoxy,	 and	 two	 imide	
groups	 present	 in	 the	 fused	 NDI-zinc-salphen	 based	 chromophore.	 The	 narrow	
lines	in	the	1D	CP/MAS	NMR	spectrum	point	to	a	homogeneous,	nearly	crystalline	
microstructure.																							
	 CP/MAS	 NMR	 13C	 chemical	 shifts	 σiC	 were	 assigned	 by	 comparison	 with	
computational	 chemical	 shifts	 using	 Gaussian	 03	 and	 solution	 state	 NMR	 of	 the	
DATZnSTP	 molecule	 introduced	 in	 chapter	 2	 (Table	 4.1).	 Assignments	 of	 the	
primary,	 secondary	 and	 tertiary	 carbon	 atoms	 can	 be	 confirmed	with	 the	 aid	 of	
HETCOR	data	acquired	with	a	short	mixing	time	of	0.256	ms,	to	limit	spin	diffusion	
through	 intermolecular	pathways	 (Figure	4.2).	 The	 spectrum	 is	divided	 into	 two	
panels	 for	 the	 aliphatic	 region	 and	 the	 aromatic	 region.	 The	 aliphatic	 region	 is	
spread	from	10	ppm	to	50	ppm,	while	the	aromatic	region	is	from	100	ppm	to	170	




of	 13.7	 ppm,	 while	 the	 alkyl	 group	 attached	 to	 the	 electronegative	 nitrogen	
resonates	with	a	chemical	shift	of	40.7	ppm.	The	27,	77	responses	are	well	resolved	
with	 identical	 shifts	of	22.6	ppm,	 revealing	symmetry	 in	 the	molecule	and	 in	 the	




In	 the	 HETCOR	 spectra	 at	 longer	 mixing	 time,	 there	 are	 many	 long-range	
correlation	signals	arising	from	the	heteronuclear	dipolar	transfer	between	proton	








right	 and	 aromatic	 on	 the	 left.	 Folding	 of	 the	 tails	 along	 the	 phenazine	 can	 be	 deduced	
from	a	set	of	correlation	peaks	between	the	 1H	 from	the	aliphatic	 tail	and	the	 13C	on	 the	
phenazine	 backbone.	 Formation	 of	 a	 pseudo	 octahedral	 recognition	motif	 involving	 the	











































6ʹʹ	 5ʹ,	 5ʹʹ	 2ʹ,	 2ʹʹ,	 7ʹ	 and	7ʹʹ	 carbon	nuclei	 gives	 information	 about	 the	 folding	 and	
positioning	of	the	tails	in	the	packing.	While	transfer	to	14a,	8b,	13a,	9a	13C	could	
be	intramolecular	or	intermolecular,	intramolecular	transfer	to	6ʹ,	6ʹʹ,	5ʹ,	5ʹʹ,	2ʹ,	7ʹ	
is	 difficult,	 and	 the	 correlations	 point	 to	 intermolecular	 transfer	 and	 antiparallel	
stacking.	 Heteronuclear	 correlation	 signals	 involving	 the	 quaternary	 13C	 in	 the	
highly	 unsaturated	 NDI	 part	 and	 the	 salphen	 are	 very	 useful	 for	 structure	
determination,	 since	 there	 are	 no	 protons	 on	 the	 NDI	 motif	 for	 intramolecular	
transfer.	 Extensive	 polarization	 transfer	 from	 aromatic	 protons	 on	 the	 salphen	
part	to	4,	5,	3,	6,	3b,	and	5b	quaternary	carbon	atoms	corroborate	an	antiparallel	
stacking	arrangement.	For	a	cross	polarization	time	of	2	ms,	a	spatial	correlation	is	
























the	 DATZnS(4H)	 was	 positioned	 in	 the	 cell	 on	 the	 twofold	 axis.	 One	 molecule	
corresponds	 to	 twice	 the	 asymmetric	 unit	 and	 to	 eliminate	 the	 spurious	 images,	




stacking	 (Figure	 S4.3).	 Optimizations	 of	 unit	 cell	 parameters	 and	molecule	were	
performed	with	 FORCITE	 in	Materials	 Studio	 for	 both	 settings	 and	 it	was	 found	
that	the	antiparallel	stacking	is	stabilized	by	37	kcal/mol	with	parameters	a	=	1.47	
nm,	b	=	1.83	nm,	c	=	9.6	nm,	α	=	90˚,	β	=	109˚	and	γ	=	90˚	(Figure	4.4).		
Figure	 4.3	 (A)	 TEM	 image	 of	 the	 DATZnS(4H)	 loaded	 on	 a	 carbon	 grid	 revealing	 a	
lamellar	 arrangement.	 (B)	 Fourier	 transform	 of	 the	 selected	 region	 indicated	 with	 a	
black	square	shows	a	1.87	nm	periodic	repetition	
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	The	 antiparallel	 model	 in	 Figure	 4.4	 contrasts	 with	 the	 parallel	 stacking	
deduced	 for	 the	 DATZnS(3ʹ-NMe)	 homologue	 in	 chapter	 two,	 where	 only	
correlations	 were	 observed	 between	 the	 NDI	 motif	 and	 the	 dimethylamine	
functionalities,	which	 are	 thought	 to	 play	 a	 decisive	 role	 in	 steering	 the	 packing	
configuration	of	the	latter	compound.	The	extensive	polarization	transfer	to	4,	5,	3,	
6,	3b,	and	5b	from	aromatic	protons	on	the	salphen	part	to	the	NDI	part	indicated	
in	 Figure	 4.2	 with	 a	 circle	 confirms	 the	 antiparallel	 stacking,	 which	 has	 short	
distances	of	~3.5-4	Å	between	the	salphen	protons	and	NDI	carbons.	This	matches	
very	 well	 with	 the	 heteronuclear	 distance	 determined	 from	 the	 quantitative	
numerical	 analysis	 of	 LGCP	 buildup	 curves	 in	 the	 related	 DATZnS(3ʹ-NMe)	
compound	in	Figure	2.3	in	chapter	2.	The	alternative,	recognition	between	the	NDI	
and	the	salphen	part	with	extended	overlap	in	the	parallel	stack	model	is	difficult	
to	 reconcile	with	 the	 characteristic	 heteronuclear	 transfer	 in	 Figure	 4.2,	 since	 in	











π	 -	π	stacking.	The	 tails	are	projecting	outwards	 into	 the	space	between	 the	 two	
stacks.	 The	 ring	 structure	 locks	 the	 keto	 group	 into	 co-planarity	 with	 the	
phenazine	 ring	 resulting	 in	 substantial	π-electron	 conjugation	 involving	 the	keto	
and	the	phenazine	ring.	The	presence	of	the	carbonyl	group	and	the	nitrogen	with	
the	lone	pair	 induces	an	extended	π	electron	delocalization.	Due	to	this	extended	
conjugation	 phenazine	 derivatives	 adopt	 a	 planar	 geometry.42,43	 The	
electropositive	Zn2+	in	the	Λ	and	∆	chiral	salphen	functionalities	produce	a	cavity	
to	 which	 the	 electronegative	 bromine	 of	 the	 next	 molecule	 along	 the	 c	 axis	 is	
attracted	 to	 form	 the	 pseudo-octahedral	 recognition	 motif,	 similar	 to	 the	
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DATZnS(3ʹ-NMe)	homologue	(Chapter	2).	This	electrostatic	attraction	and	head	to	
tail	 alignment	of	electric	diploes	 can	help	 to	 stabilize	 the	packing	along	 the	axial	
direction	of	the	molecule.	The	pseudo	octahedral	coordination	of	the	zinc	follows	
the	 packing	 induced	 chirality	with	 enantiomeric	 pairs	 of	 lambda	 and	 delta	 form	
alternating	along	the	antiparallel	stack.		
In	the	TEM	pattern	of	Figure	4.3,	the	stripes	are	from	alternating	regions	of	
high	 electron	 density	 containing	 Zn2+	 with	 regions	 of	 phenazine.	 Along	 the	
antiparallel	stack	the	dipole	moments	are	aligned	in	the	opposite	directions,	which	
constitute	the	scaffold	of	the	packing.	With	the	dipoles	compensated	at	the	level	of	
the	 antiparallel	 arrangement	within	 the	 stack,	 there	 is	 no	 emerging	 electrostatic	
component	for	stabilization	of	planes	as	 in	the	DATZnS(3ʹ-NMe)	homologue.	This	
Figure	 4.4	 Proposed	 structure	 of	 antiparallel	 DATZnS(4H)	 in	 a	 3D	 packing	with	 the	
space	 group	P2/c.	 In	 comparison	with	 the	 parent	 structure	 of	 the	DATZnS(3ʹ-NMe)	
homologue	in	chapter	2,	the	dipole	moments	are	compensated	between	the	stacks	and	
antiparallel	 rows	 of	 head	 to	 tail	DATZnS(4H).	 Since	 the	 only	 difference	 between	 the	








recognition	 motif	 is	 a	 characteristic	 of	 the	 supramolecular	 packing,	 and	 is	
consistent	 with	 the	 antiparallel	 arrangement	 that	 transpires	 from	 the	 spatial	
correlation	 peaks	 between	 salphen	 and	 NDI.	 The	 structure	 accommodates	 the	






spots	 in	 the	 Fourier	 transform	 of	 the	 TEM	 image	 and	 homology	 modelling,	 we	





the	 DATZnS(3ʹ-NMe)	 	 structure	 determined	 in	 chapter	 2,	 and	 suggests	 that	 the	
NCH3	functional	group	can	be	used	to	steer	the	aggregation	from	a	parallel	sheet	in	
DATZnS(3ʹ-NMe)	 to	an	antiparallel	 sheet	 in	DATZnS(4H).	This	 concept	paves	 the	
way	 for	 the	 chemical	design	of	 supramolecular	 scaffolds	 for	 light	harvesting	and	
charge	separation,	on	the	way	to	organic	solar	fuel	cell	device	concepts	that	can	be	
programmed	 to	 quench	 the	 internal	 field	 in	 an	 antiparallel	 arrangement,	 e.g.	 for	
light	harvesting,	or	exploit	the	internal	field	from	aligned	dipole	moments,	e.g.	for	
the	 injection	 of	 charge	 in	 catalysts	 for	 water	 splitting.	 With	 access	 to	 detailed	

















syringe.	 After	 6	 hours,	 the	 reaction	 mixture	 was	 cooled	 down	 to	 room	
temperature,	 diluted	 with	 5	 mL	 H2O	 and	 stored	 overnight	 at	 -20	 °C	 to	 induce	
precipitation.	The	dark	blue	precipitate	was	collected	on	a	filter	and	washed	with	
water,	 ethanol	 and	 dichloromethane	 to	 afford	 (after	 vacuum	drying)	 89	mg	 of	 a	
dark	 blue	 solid	 (59	%	 yield	 from	 8,9-Dibromo-5,12-dihydro-5,12-diazatetracene	











can	be	obtained	by	Fourier	 transformation	with	 respect	 to	 t1.	The	TPPM	scheme	
was	used	to	decouple	proton	spins	during	acquisition	while	the	13C	free	induction	
decays	 (FIDs)	 were	 recorded	 in	 the	 t2	 domain	 (Figure	 S4.4).	 For	 short	 range	
polarization	transfer	from	1H	directly	bonded	to	13C,	a	CP	contact	time	of	0.256	ms	








For	 electron	microscopy,	 samples	 dissolved	 in	 ethanol	were	 applied	 to	 a	 carbon	
grid	 at	 83	 K	 with	 a	 Vitrobot	 vitrification	 system	 (FEI,	 Hillsboro,	 OR).	 Electron	
microscopy	was	done	with	a	Tecnai	G2	Polara	electron	microscope	(FEI,	Hillsboro,	






Computational	 chemical	 shifts	 were	 obtained	 with	 the	 Gaussian	 03	 software	
package	 (Gaussian,	 Inc.,	 Wallingford,	 CT)	 using	 the	 Becke,	 Lee,	 Yang,	 and	 Parr	
(BLYP)	exchange-correlation	 functional	with	6-311G	basis	 set.	The	molecule	was	
geometrically	optimized	prior	to	NMR	chemical	shift	calculation.	
	 Biovia	 Materials	 Studio	 Suite	 (Biovia,	 San	 Diego,	 CA)	 was	 used	 for	
computational	modeling.	 A	monomer	 structure	 of	 the	DATZnS(4H)	 core	without	
the	aliphatic	 tails	was	obtained	by	optimization	with	Gaussian	03	(Gaussian,	 Inc.,	
Wallingford,	CT)		and	placed	in	the	P2/c	unit	cell	determined	for	the	homologue	in	
chapter	2	as	described	 in	 the	results	section.	Optimization	of	 the	cell	parameters	
was	performed	with	the	FORCITE	module.	For	geometry	optimization	with	Forcite,	
the	 “smart”	 algorithm	 setting	 in	 materials	 studio	 was	 used	 and	 a	 convergence	
tolerance	of	0.001	kcal/mol	for	energy	and	0.5		kcal/mol/Å	for	the	force	parameter	
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Conclusions and outlook 
5.1 Discussion 
The primary source of energy in the universe is the sun and to harvest it for the 
production of clean fuel requires artificial antenna complexes. Structural analyses 
of chromophores that are compatible for light harvesting were performed. At a 
later stage, such chromophores could be integrated into to the artificial light 
harvesting antenna modules of a solar fuel cell device. For the three different 
supramolecular self-assemblies, building blocks in each packing are derived from 
one of the most frequently occuring space groups in the 230 crystal classes. For 
moderately sized organic molecules the packing generally involves screw axes and 
glide planes that have a translational component to accommodate the steric 
hindrance of functional motifs to achieve low energy and high density. Here 
however glide planes account for the steric hindrance in DATZnS(3-NMe) and 
DATZnS(4H) using P2/c space group and an inverse symmetry that results in the 
centerosymmetric dimers with P-1 space group for D1A2. Knowledge about the 
packing is essential for the design of solar fuel cells since it plays a crucial role in 
bridging a photo electrode comprising artificial light harvesters to a catalyst motif. 
In this thesis, a methodology is developed involving the integration of electron 
microscopy and solid state NMR spectroscopy, in addition to molecular modelling 
with force fields to converge on reasonable packing. This methodology is used to 
understand the packing in self-assembled supramolecular light harvesters 
DATZnS(3’-NMe) - chapter 2, D1A2 - chapter 3 and  DATZnS(4H) - chapter 4. 
 Symmetry constraints obtained from CP/MAS NMR, systematic absences 
obtained from the Fourier transformation of the diffraction patterns and density of 
the sample helps to converge on the P2/c space group for describing the packing of 
DATZnS(3-NMe).1 The supramolecular scaffold is stabilized by sheets of dipoles 
running in mutually opposite directions. Parallel stacking of NDI and the alignment 
of electric dipole moments perpendicular to each other in layers of DATZnS(3’-
NMe) forms a grid, which may have future application in the design of a solar fuel 




stacks in an antiparallel lamellar framework is validated, by comparing the 
strength of the heteronuclear dipolar coupling from an LGCP build up curve 
experiment and simulation, for selected 1H-13C pairs. Simulation of a  DATZnS(3-
NMe) diffraction pattern using CrystalMaker generates the same systematic 
absence as observed in the Fourier transformation of the TEM image, which 
validated the proposed packing (Figure 2.4). Moreover, simulation with 
CrystalMaker is successfully used to generate the preferred orientation of the 
material on the surface, though there is a possibility to have the existence of 
polymorph forms.  Recognition motif formed between the salphen and NDI is the 
driving force for the aggregation along the principal axis of the molecule. 
Intermolecular correlation peaks from 1H-13C HETCOR at the higher mixing time of 
4 ms confirms the recoginition motif and the folding of tails in between the stacks 
along the phenazine moiety. This supramolecular recognition motif is a 
characteristic of the packing of DATZnS(3-NMe). The Lewis acid character of the 
Zn2+ can be used to attach a catalyst to this scaffold. 
 
Figure 5.1 Schematic representation of how CP/MAS NMR in conjunction with TEM and 
molecular modelling allows to converge on a P2/c space group which could be modified 
into nanorods for attaching to a photo electrode surface. Dipole moments are aligned 





 In the case of D1A2 specific heteronuclear correlations point to 
centrosymmetric dimer formation, from P and M enantiomers. Computational 
integration of ENC and MAS NMR with a biased molecular replacement approach is 
performed to determine the packing of D1A2. Unit cell parameters obtained from 
ENC with density and HETCOR analysis converges up on P-1 packing with 
antiparallel stacking. The rod type structure of D1A2 in the solid state leads to the 
formation of rows of dimers, with naphthalene monoimide antennas projecting out 
(Figure 5.2). This will serve as an antenna system in which light energy is 
harvested by naphthalene monoimide and fed into the system with nano rods of 
perylene through FRET. D1A2 molecules exhibit good overlap between the donor's 
emission and the acceptor's absorption, which is a prerequisite for an efficient 
excited energy transfer (EET) by the Forster mechanism.2,3  
 A homology approach is proposed in chapter 4 for the DATZnS(4H) 
molecule based on the DATZnS(3-NMe) parent compound in chapter 2. Distance 
constraints obtained from CP/MAS NMR data with limited data from TEM are used 
to put forth packing in the same P2/c space group but with a different positioning 
of the molecules in the unit cell where the axes were changed accordingly. Since 
the structure of DATZnS(4H) is a homologue of the DATZnS(3-NMe), this implies 
that the NCH3 functional group can be used to steer the packing from a parallel 
sheet in DATZnS(3-NMe) to an antiparallel sheet in DATZnS(4H). Thus, chemical 
Figure 5.2 The stacking of D1A2 in one dimension showing the formation of rod 




substituents can be utilized to steer the alignment of the dipole between parallel 
and antiparallel in a sheet. We anticipate that this understanding is key to the 
chemical design of supramolecular scaffolds as an artificial antenna complex for 
the organic solar fuel cell device concepts.4-7  
5.2 Future experiments 
5.2.1. DNP enhancement  
MAS NMR spectroscopy with Dynamic nuclear polarization (DNP) has the potential 
to enhance NMR signals by several orders of magnitude. High speed spinning 
Single Quantum Double Quantum (SQDQ) 1H-1H spectroscopy with DNP will help 
to get highly resolved intermolecular correlations.8-11 DNP as explained by 
Overhauser in 1953 and demonstrated by Carver and Slichter involves the transfer 
of electron polarisation from a radical to neighbouring nuclei of interest resulting 
in enhancement of intensity.12,13 DNP is usually achieved by a suitable polarising 
agent, which is excited by the irradiation of a sample with microwaves from a 
Figure 5.3 Schematic representation of DNP enhanced structure determination. It 
involves incorporating DNP agents into perylene derivatives by wet impregnation or 
glassy formation. Once it is successfully fused with the sample, a 1H-1H SQDQ could be 
employed, which helps to get highly resolved intermolecular correlation peaks. DNP 




gyrotron source followed by the acquisition of the spectra. A combination of 
radical, polarising agent 4-hydroxy-TEMPO (TEMPOL) and ortho-Terphenyl (OTP) 
could be the best DNP agent as described in the work of Ong et al.8 Researchers 
tried to incorporate DNP on the surface studies and structural analysis of 
proteins.14 For unlabelled materials, DNP enhancement is so strong that you can 
incorporate DNP agents to SQDQ experiments, which lead to a much better 
resolution. This kind of methodology development will help to increase the 
accuracy and to resolve the packing of heterogeneous structures, which are 
inaccessible with the current state of the art. Since although these experiments are 
emerging, I foresee that they will be more powerful when combined with 
diffraction methods that discussed in this thesis (Figure 5.3). At a later stage, this 
could be extended to understand the mechanism on the electrode surfaces. 
5.2.2 Design of a solar fuel cell device 
Axiomatic design is a well-known concept in engineering, which is able to produce 
highly complex devices. I foresee the development of structure based strategies, 
involving bioinspired design concepts for crystal engineering to guide the 
fabrication of chromophores with structure determination facilitating the 
Figure 5.4 Axiomatic design of a solar fuel cell device using the D1A2 molecule. Packing 
studies give an insight in to the molecular level arrangement of the perylene derivative 
and its associated naphthalene monoimide functional motifs. This insight can be used 




fabrication of chromophores that can be synthetically modified for coherent 
transfer of electrons. It is important that D1A2 dimer operates in synergy for 
transfer of energy and can be optimized further. In the design matrix, we have to 
find the components analogous to a protein that lowers the transition state and 
energy barrier for optimal energy conversion. Axiomatic design helps to tune the J-
aggregate overlap, engineering the barrier less mixing of a charge transfer state 
into the exciton state and finally stabilize the charge separation against the back 
reaction(Figure 5.4).15-17 On a conceptual level, the strategy behind the design is to 
choose a specific building block, which has a typical stacking to generate the 
topology of a 
Figure 5.5 Schematic design of a solar fuel cell device. The fused DATZnS 
chromophore derivatives could be modified to attach to the electrode surface. A 
water oxidation catalyst could be grafted to the antenna complex by using the 




 specific target i.e. reaction center or it could be a retro synthetic approach in 
which a specific target is reduced to functional entities which can self-assemble. 
Bichromophoric D1A2, light harvesting antenna with centrosymmetric dimers of  
perylene motif, could be further optimised as an antenna but also can be 
considered as the first step on the way to a reaction centre using the axiomatic 
design strategy. This approach is similar to how nature has done through 
evolution. These results enable a direct molecular level approach to axiomatic 
design and improvement of light harvesting antenna systems D1A2 with D1 and A2 
as molecular entities. This will allow the designer to choose materials with 
predetermined structures to develop a nano-architecture of interest. Transfer of 
energy from donor to acceptor is achieved through FRET.18 A water oxidation 
catalyst could be attached to perylene to design it as a half-cell for solar fuel device. 
Rich functionalities will help to tune the energy gap for optimum water oxidation 
and to harvest an extensive range of photons(Figure 5.5). 
 For the self-assembled structures of DATZnS(3’-NMe), the challenge is to 
guide the design of planar two-dimensional salphen-NDI based supramolecular 
frameworks containing chromophores with a recognition motif to establish a 
device capable of doing effective charge separation with PCET for driving water 
oxidation catalysts.19 Knowledge about the orientation of the DATZnS(3-NMe) on 
the surface of the grid helps to design the electrode for solar fuel cell device. The 
catalyst could be attached at the zinc salphen, which has Lewis acid character.1 A 
grid formed from the alignment of the electric dipole and NDI stacks gives a strong 
scaffold to attach the catalyst. The supramolecular scaffold with well-defined 
building units opens the possibility of modifying it as a nanorod. Electronegative 
bromine on the 4, 5 carbon atoms make it suitable for a selective nucleophilic 
substitution of anchoring groups like carboxyl, to attach to the electrode surface. It 
could be possible to modify the terminal methyl group of the alkyl chain to attach 
to the electrode surface. The flexibility of the molecule is the added advantage to 
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of	 fundamental	 building	 blocks	 like	 chlorophylls,	 which	 interact	 to	 form	
photosystem,	 which	 performs	 the	 complex	 function	 of	 water	 splitting.	 The	 key	
challenge	 in	 artificial	 photosynthesis	 is	 to	 learn	 how	 to	 design	 systems	 that	 can	
adapt	 and	 optimize	 their	 topologies	 in	 line	 with	 self-assembly	 of	 natural	
photosystem.	 In	 this	 thesis	 I	 combine	 different	 techniques	 of	 cross	 polarization	
Magic	 angle	 spinning	 Nuclear	 Magnetic	 Resonance	 and	 Transmission	 Electron	
Microscopy	 with	 simulation	 and	 modeling,	 to	 resolve	 the	 global	 packing	 of	
molecules	which	are	potential	candidates	 for	efficient	solar	 fuel	cell	devices.	This	
thesis	 focuses	on	the	packing	analysis	of	 three-dimensional	structures,	which	are	
heterogeneous	 in	 nature.	 I	 demonstrate	 a	 new	 and	 general	 structure	
determination	 approach	 that,	 in	 combination	 with	 first-principles	 quantum	
chemical	 calculations,	 establishes	 the	 structures	 of	molecularly	 ordered	 antenna	
complexes	 that	 lack	 long-range	 3D	 atomic	 crystalline	 order.	 This	 is	 possible	
despite	 the	 absence	 of	 a	 priori	 information	 on	 the	 space	 group	 or	 atomic	
coordinates.		
	 Chapter	 2	 describes	 DATZnS(3ʹ-NMe)	 parallel	 stacking	 in	 an	 antiparallel	
framework	 with	 the	 P2/c	 space	 group.	 13C	 CP/MAS	 NMR	 yields	 number	 of	
asymmetric	sites	 in	 the	structure	and	recognition	motif.	This	 in	conjunction	with	
unit	 cell	 parameters	 and	 diffraction	 spots	 from	 the	 Fourier	 transformation	 of	 a	
TEM	image	is	used	to	resolve	the	structure.	Supramolecular	recognition	motif	is	a	
characteristic	 of	 the	 packing	 of	 the	 DATZnS(3ʹ-NMe)	 molecule.	 The	 molecular	
recognition	and	molecular	symmetry	steer	the	packing	into	a	racemic	mixture	with	
a	c-glide	plane	and	inversion	symmetry	to	release	the	steric	hindrance.	Simulation	
of	 the	 LGCP	 build	 up	 curve	 between	 specific	 pairs	 and	 electron	 diffraction	were	
used	to	validate	the	proposed	packing.	
	 Chapter	 3	 describes	 the	 centerosymmetric	 dimer	 formation	 with	 NMI	
extending	 outwards	 to	 capture	 the	 solar	 energy.	MAS	NMR	 chemical	 shifts	were	
used	 to	 generate	 a	 truncated	 1,7-perylene-3,4,9,10-tetracarboxylic	 monoimide	
dibutylester	 motif.	 This	 motif	 is	 further	 optimized	 and	 used	 for	 molecular	
replacement	approach	to	generate	a	partial	3D	electron	density	approach.	The	P-1	




naphathelene	 monoimide	 substituents.	 The	 alkyl	 chains	 are	 modeled	 using	 the	
intermolecular	 correlation	 observed	 in	 HETCOR.	 Naphthalene	 monoimide	
antennas	 projecting	 out	 from	 the	 rows	 of	 dimers	 formed	 out	 of	 rod	 type	 D1A2	
could	capture	the	light	energy	and	transfer	to	dimers	through	FRET.	
	 Finally,	 in	chapter	4	C2	molecular	symmetry	obtained	 from	MAS	NMR	and	
DFT	modeling	is	used	as	the	core	motif	to	propose	the	packing	of	the	DATZnS(4H).	
Intermolecular	 correlations	 obtained	 from	 the	HETCOR	 shows	 the	 folding	 of	 the	













Fotosynthese	 is	 een	 sterk	verknoopt	proces.	Maar,	we	kunnen	een	 fundamentele	
set	 van	 bouwstenen	 onderscheiden	 zoals	 chlorofyl,	 die	 interactie	 met	 elkaar	
hebben	 om	 een	 fotosysteem	 te	 vormen	 dat	 de	 complexe	 functie	 water	 splitsen	
uitvoert.	 De	 hoofd	 uitdaging	 in	 artificiële	 fotosynthese	 is	 om	 te	 leren	 hoe	 een	
systeem	ontworpen	kan	worden	dat	zijn	topologie	kan	aanpassen	en	optimaliseren	
in	 lijn	 met	 de	 zelf-assemblage	 van	 het	 natuurlijke	 fotosystem.	 In	 deze	 thesis	
combineer	 ik	 de	 verschillende	 technieken	 cross	 polarisatie	 Magische	 hoek	 spin	
Nucleair	 Magnetische	 Resonantie	 en	 Transmissie	 Elektron	 Microscopie	 met	
simulatie	 en	 modeleren,	 om	 de	 globale	 pakking	 van	 moleculen	 die	 potentiele	
kandidaten	 zijn	 voor	 efficiënte	 biobrandstof	 cellen	 op	 te	 helderen.	 Deze	 thesis	
focust	 op	 de	 analyse	 van	 de	 pakking	 van	 drie	 dimensionale	 structuren,	 die	
heterogeen	 in	 natuur	 zijn.	 Ik	 laat	 een	 nieuwe	 en	 algemene	 structuur	
bepalingsmethode	zien	die,	in	combinatie	met	eerste-principe	kwantum	chemische	
berekeningen,	 de	 structuren	 van	 moleculair	 geordende	 antenne	 complexen	 die	




raamwerk	 met	 de	 P2/c	 ruimtelijke	 groep.	 13C	 CP/MAS	 NMR	 levert	 een	 aantal	
asymmetrische	 locaties	 in	 het	 structuur-	 en	 herkenningsmotief	 op.	 Dit	 in	
conjunctie	 met	 eenheidscel	 parameters	 en	 diffractie	 stippen	 van	 de	 Fourier	
transformatie	van	een	TEM	beeld	is	gebruikt	om	de	structuur	op	te	helderen.	Een	
supramoleculair	herkenningsmotief	 is	een	eigenschap	van	de	pakking	van	de	van	
het	 DATZnS(3`-NMe)	 molecuul.	 De	 moleculaire	 herkenning	 en	 moleculaire	
symmetrie	 sturen	de	pakking	naar	een	 racemisch	mengsel	met	een	c-glij	 vlak	en	
inversie	 symmetrie	 om	 de	 sterische	 hindering	 te	 verminderen.	 Simulatie	 van	 de	
LGCP	opbouw	curve	tussen	specifieke	paren	en	elektron	diffractie	werden	gebruikt	
om	de	voorgestelde	pakking	te	bevestigen.		
Hoofdstuk	 3	 beschrijft	 de	 center	 symmetrische	 dimeer	 formatie	met	 NMI	
naar	 buiten	 uitstekend	 om	 zonne-energie	 te	 vangen.	 MAS	 NMR	 chemische	
verschuiving	 werden	 gebruikt	 om	 een	 afgevlakt	 1.7-perylene-3,4,9,10-
tetracarboxylische	 mono-imide	 dibutylester	 motief	 te	 genereren.	 Dit	 motief	 is	
verder	geoptimaliseerd	en	gebruikt	voor	een	moleculaire	vervangingsbenadering	
om	een	partiele	3D	elektron	dichtheidsbenadering	te	genereren.	De	P-1	symmetrie	
verkregen	 van	 Elektron	 Nano	 Kristallografie	 is	 gebruikt	 om	 de	 naftaleen	mono-
imide	 substituties	 te	 enten.	 De	 alkyl	 ketens	 zijn	 gemodelleerd	 gebruik	makende	






Tenslotte,	 in	 hoofdstuk	 4	 wordt	 C2	moleculaire	 symmetrie	 verkregen	 uit	
MAS	NMR	en	is	DFT	modulatie	gebruikt	als	het	kern	motief	om	de	pakking	van	de	
DATZnS(4H)	voor	te	stellen.	Intermoleculaire	correlaties	verkregen	uit	de	HETCOR	
laten	 de	 vouwing	 van	 de	 staarten	 langs	 de	 phenazine	 eenheid	 zien.	 De	 analoge	
modeleren	 liet	 zien	 hoe	 de	 pakking	 gestuurd	 kon	 worden	 door	 de	 NCH3	
functionele	groep	 tussen	anti-parallelle	en	parallelle	dipolen.	Dit	begrip	opent	de	
deur	voor	het	op	bewijs	gebaseerde	ontwerp	van	de	light	oogstende	antenne.		
Samenvattend,	 een	 nieuwe	 methode	 om	 de	 structuur	 van	 chromofoor	
antennes	 op	 te	 helderen	 vanuit	 een	 structurele	 achtergrond	 met	 statische	 en	
dynamische	 heterogeniteit	 die	 sterk	 de	 diffractie	 reactie	 limiteert	 wordt	
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